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FOREWORD 

The A D V A N C E S I N CHEMISTRY SERIES was founded in 1949 by the A m e r i c a n 
C h e m i c a l Society as an outlet for symposia and collections of data i n special 
areas of topical interest that cou ld not be accommodated i n the Society's 
journals. It provides a m e d i u m for symposia that w o u l d otherwise be frag
mented because their papers w o u l d be d is tr ibuted among several journals 
or not pub l i shed at a l l . 

Papers are rev iewed crit ical ly according to A C S editor ial standards and 
receive the careful attention and processing characteristic of A C S pub l i ca 
tions. Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the integ 
rity of the symposia on w h i c h they are based; however, verbat im reproduc
tions of previously publ i shed papers are not accepted. Papers may inc lude 
reports of research as w e l l as reviews, because symposia may embrace both 
types of presentation. 
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PREFACE 

A N A L Y T I C A L CHEMISTS are increasingly able to measure smal l quantities 
of chemicals i n the h u m a n environment . I n particular, the analysis of syn 
thetic chemicals ( including solvents, chemical intermediates, metals and or-
ganometallics, pesticides and formulation contaminants, and combust ion 
products) has advanced to the point at w h i c h traces can be detected almost 
anywhere. As the detection l imits have dropped , certain synthetic c om
pounds have been found to be ubiquitous , s imultaneously measurable i n our 
food, water, air, and even i n our tissues. A l t h o u g h these technological ad 
vances have prov ided a more complete p icture of the trace chemical c om
position of the environment , our understanding of the significance of these 
residues has riot improved . T h e laboratory animal toxicity of many of the 
substances, usually administered at h igh doses, suggests that the exposures 
detected may also be harmful to humans. To advance the state of knowledge, 
however, we need some way to test these hypotheses. 

Interpretation of the health effects of chemica l residues involves health 
risk assessment, the most sought-after component of w h i c h is evidence from 
wel l -designed h u m a n epidemiological studies. E p i d e m i o l o g y is a health sc i 
ence that examines the d is tr ibut ion of disease i n populations and the factors 
associated w i t h that d istr ibut ion . 

T h e E n v i r o n m e n t a l C h e m i s t r y D i v i s i o n hosted a pedagogical sympo
s ium i n environmental epidemiology at the Spr ing 1992 meet ing of the 
A m e r i c a n C h e m i c a l Society i n San Francisco . W i t h support from the U . S . 
Department of H e a l t h and H u m a n Services and the A m e r i c a n C h e m i c a l 
Society, a symposium was developed that explored the basic pr inc iples and 
methods of environmental epidemiology. T h e speakers represented a cross 
section of experts from academia, the chemical industry, and government. 
T h e y brought to the symposium a wealth of practical experience i n con
duct ing and interpret ing epidemiological studies. T h e objective of the pro 
gram was to provide an introduct ion and overview w i t h an emphasis that 
w o u l d be useful to chemists and others interested i n environmental c h e m i 
cals. 

This vo lume, der ived from the papers presented at the pedagogical s y m 
pos ium, has been arranged i n five sections. T h e first chapter serves as an 
introduct ion. Chapters 2 -4 , w h i c h cover the science of epidemiology, pre 
sent basic pr inciples of epidemiology, w i t h attention to nomenclature and 
the design and interpretation of epidemiological studies. Toxicology is inex
tricably l inked w i t h epidemiology i n the risk-assessment process, and there
fore Chapters 5 - 8 provide a br i e f overv iew of toxicology and toxicological 
risk assessment. Chapters 9 - 1 5 give an in -depth discussion of env i ronmen
tal epidemiology i n practice and supply a gl impse of the application of e p i -

xi 
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demiological methods i n human studies. Exposure classification is a major 
challenge i n epidemiological research, and misclassification of exposure 
groups is a recurr ing prob lem. This situation is ref lected i n many of the 
chapters. Notably, exposure assessment is also the area i n w h i c h chemists 
and biochemists have the most to offer i n epidemiological research. T h e f inal 
chapters contr ibuted by two experienced medica l epidemiologists examine 
the unique constraints of epidemiology, an observational science that must 
bridge numerous legal , ethical , and logistical obstacles, i n addit ion to the 
more familiar hurdles c ommon throughout scientific research. 

This vo lume w i l l be useful to scientists and engineers, pol icy makers 
and risk managers, and others who must deal w i t h pub l i c health issues sur
rounding synthetic chemicals i n the environment . T h e information may be 
relevant where other types of technology are concerned as w e l l (e.g., n u 
clear power and radioactive wastes or electromagnetic radiation) as the p r i n 
ciples are universal . 
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1 
Assessing Environmental Risk— 
Scientifically Defensible or Fantasy? 

Vernon N. Houk 

National Center for Environmental Health and Injury Control , Centers 
for Disease Control , Public Health Service, U . S . Department of Health and 
Human Services, Atlanta, GA 30333 

Estimating the risk to human health from synthetic toxic substances 
is becoming increasingly critical in our society. Epidemiological stud
ies should play a vital role in risk assessment. Without human data 
based on valid, well-done epidemiological studies, extrapolation from 
animal studies may seriously overestimate or underestimate the risk. 
To assess risk to the best of our ability, scientists must use all the 
data—human and animal—and combine this information with the 
soundest professional judgment. The multistage linearized model for 
quantitative risk assessment is not appropriate for all chemicals and 
just because the results of an epidemiological study have been pub
lished, they do not necessarily provide the final answers. 

E S T I M A T I N G T H E RISK TO H U M A N H E A L T H from synthetic toxic sub
stances is increasingly cr i t ical i n our society. T h e t e rm "toxic substances" 
may be a misnomer. These substances have certain toxic effects on animals 
and humans exposed to large amounts. However , for many i f not most of 
these substances, the effects of l ow- leve l , chronic exposure remain u n k n o w n 
or may be only biological , such as induct ion of hepatic enzyme systems, 
w h i c h for drugs is an acceptable effect but for environmental pollutants is 
unacceptable. 

T h e main thesis of this chapter is that va l id , wel l -done epidemiological 
studies of humans should play a v i ta l role i n risk assessment. R e l y i n g only 
on extrapolation from animal studies may lead to seriously overest imating or 
underest imating the risk. 

Regulations based on overestimates can have serious, unnecessary eco
nomic consequences both by keep ing economical ly desirable products from 

This chapter not subject to U.S. copyright 
Published 1994 American Chemical Society 
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2 ENVIRONMENTAL EPIDEMIOLOGY 
be ing marketed and used and by causing expensive c leanup actions that have 
no benefit to health. Nevertheless , a completely laissez-faire pol icy about 
these substances can be disastrous; we have only to look to Eas tern E u r o p e 
and to some developing countries to see its devastating result. 

O v e r the past decade, scientists have expended many mil l ions of pub l i c 
and private research dollars to investigate and understand the complex r e 
lationships between h u m a n health and exposure to environmental p o l l u 
tants. T h e basic tools of this ongoing search are laboratory studies i n animals, 
studies of molecular biology, and epidemiological studies of humans. P r o p 
erly done, animal experiments and epidemiological studies provide a basis 
for l i n k i n g various h u m a n health risks and environmenta l factors; from these 
associations, pub l i c health and environmental protect ion policies can be de 
ve loped to m i n i m i z e the risks to current and future populations. However , 
information obtained by means of these too ls—animal toxicological studies 
and h u m a n epidemiological investigations—has often been misappl ied be 
cause of the scientific community 's failure to clarify the nature and l i m i t a 
tions of our knowledge about environment-re lated health risks. 

M o s t illnesses clearly caused by chemicals are encountered as exposures 
i n occupational and nonoccupational settings. A n u m b e r of diseases are 
k n o w n to be caused by exposure to certain chemica l or physical agents. 
Some diseases have no other k n o w n cause; these inc lude asbestosis, radia
t ion sickness, caisson disease (decompression illness), and mesothel ioma, 
w h i c h is usually caused by asbestos. 

In the case of some other il lnesses, the chemical -disease l ink is strong 
but not unique . V i n y l chloride causes a rare cancer of the l iver , angiosar
coma, but this outcome may also be caused b y certain arsenicals and andro
genic anabolic steroids. T h e skin disease chloracne is caused by a n u m b e r of 
halogenated aromatic hydrocarbons, such as the chlor inated naphthalenes, 
chlorinated b iphenyls , chlor inated dibenzodioxins, some chlor inated azo-
benzenes, and chlorinated dibenzofurans. 

F o r other diseases, i t is even more difficult to establish an actual cause. 
F o r instance, benzene has been shown to be associated w i t h a higher i n c i 
dence of aplastic anemia and myelogenous l eukemia i n workers who have 
been exposed to h igh concentrations of the solvent. Because both aplastic 
anemia and myelogenous l eukemia are also relat ively prevalent i n the gen
eral populat ion, it is difficult to determine i n an ind iv idua l whether the d is 
ease was caused by the specific agent of concern or by some other u n k n o w n 
factor. 

In addit ion to cancer, many acute and chronic diseases w i t h potential or 
perce ived chemical causes occur relatively frequently i n the general p o p u 
lation. These inc lude heart disease and stroke i n conjunction w i t h arter io
sclerosis, diabetes, chronic obstructive l u n g disease, arthrit is , and i m m u 
nological and neuromuscular disorders. O t h e r concerns are for congenital 
malformations and other untoward outcomes of pregnancy. F u r t h e r m o r e , 
emotional problems, inferti l ity, and psychological disorders among both 
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1. H O U K Assessing Environmental Risk 3 

sexes are often reported by people who fear that their health has been d a m 
aged by exposure to chemicals. F o r a l l of these conditions, it is rarely pos
sible to demonstrate conclusively a causal role for chemical exposure. 

F o r these reasons, we must use some method of comparison, such as 
relative risk for exposed and nonexposed populations, and we must be scru
pulous i n identi fy ing and accounting for a l l potential confounding factors. 
W e must also be careful to define, quantify, and validate that exposure. 
W h e n exposure can be val idated w i t h laboratory measurements of body b u r 
den , i n many instances we f ind that using environmental data and quest ion
naires results i n up to 4 0 % misclassification—about the same as obtained by 
the toss of a coin. I f exposure cannot be val idated, we must be careful i n 
interpret ing the data, even to the point of admit t ing that misclassification 
precludes va l id conclusions. I n quantitative risk assessment, investigators 
use the results of high-dose feeding studies and extrapolate the results to 
untested low-dose exposure levels i n the same species; then they extrapolate 
these extrapolated findings across species to humans. 

T h e factors invo lved i n quantitative risk assessment are scientific fact, 
consensus, assumption, and science policy. B y science policy, I mean the 
agency's decision about how to handle controversial data. T h e most certain 
factor, scientific fact, is usually the least available. W e have yet to determine 
how far the others deviate from the t ruth . T h e degree of certainty appears 
to decrease as one reads through the list. 

In " chronic " feeding studies of laboratory animals at the m a x i m u m to l 
erated dose, more than one-half of the tested chemicals have been shown to 
increase the incidence of tumors. As a result , these chemicals have been 
classified as animal carcinogens and, by impl i cat ion , possible h u m a n carc in
ogens, even though (1) many of them have shown l itt le or no mutagenicity, 
and (2) evidence of human carcinogenesis is lacking. It does not seem to 
matter, for example, whether the development of these tumors is relevant 
to h u m a n metabol ism or even whether the tumors may occur i n organs or 
tissues not found i n humans. 

D u r i n g the 1970s, a mode l was developed by consensus for the carc i 
nogenicity of chemicals. It was based on experience w i t h radiation, w h i c h 
defined a l inear relationship between dose and response over a w ide range 
of exposures. Study results showed that i on iz ing radiation produced genetic 
mutations that l ed to tumor development i n exposed populations. These 
radiat ion- induced mutations were observed i n animals, plants, and bacteria. 
B y using bacteria, investigators could study the response curve produced by 
very low doses. 

This radiation experience of seemingly unend ing cel lular response to 
ever-decreasing radiation doses stood i n stark contrast to a fundamental rule 
of chemicals i n toxicology—that is, the dose makes the poison. Thus , con
sensus abrogated a long-held pr inc ip le of toxicology and, w i t h scant e v i 
dence, de termined that for chemical ly induced carcinogenesis, no exposure 
is free of threat. 
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4 ENVIRONMENTAL EPIDEMIOLOGY 
T h e radiation mode l for carcinogenicity was based on the s imple concept 

that a l l cancer is caused by mutat ion of the ce l lular D N A . Because results 
of animal studies had conf irmed a dose-response relationship for radiation 
and tumor development , long- term, high-dose bioassays became the choice 
for s tudying the potential carcinogenic effects of chemicals. A dose approach
i n g the m a x i m u m tolerated dose was selected to ensure that no posit ive 
response was missed and because the fewer animals needed to demonstrate 
a response meant a less expensive test. 

F o r the past 20 years, rodent feeding has p layed the leading role i n 
de termin ing the carcinogenicity of chemicals. Regulatory science has largely 
lost sight of the basis of the radiation mode l that r equ i red not only a dose-
dependent response but , more important , agent-caused genetic mutations. 
W e have been d r i v e n by the e n d point , cancer development , forgetting that 
we must also understand the means to the end . Thus , a host o f chemicals 
have shown an increased tumor inc idence , compared w i t h controls. M o s t 
show l i tt le or no mutagenic activity. O v e r the last two decades, the purpose 
of l i fet ime bioassays has shifted from investigating the mechanism of carc i 
nogenicity to accumulating data from w h i c h to calculate the supposed h u m a n 
cancer potential of chemicals. 

M a n y scientists now understand that loading an animal w i t h a chemical 
for a l i fet ime for the purpose of count ing tumors i n order to satisfy a m a t h 
ematical extrapolation mode l , does not necessarily predict its potential for 
carcinogenicity i n humans. I n the early days of risk assessment, this m o d 
e l ing approach was the "only game i n town" . It c ombined some animal data, 
statistics, and mathematical extrapolation to evaluate w h i c h chemicals may 
produce a specific human health effect. Th is combinat ion process, i n its 
many forms, became the basis of science policy. 

Mos t scientists now recognize that not a l l chemicals fit the radiation 
mode l of carcinogenesis. Thus , for nongenotoxic chemicals, we need another 
approach that allows us to proper ly protect the pub l i c s health without wast
ing resources because of excessive regulation, as may be dictated b y the 
l inear ized multistage extrapolation model . 

A l t h o u g h the results of an imal studies may i m p l y carcinogenicity i n h u 
mans, the results of epidemiological studies have identi f ied chemicals that 
have proved to be h u m a n carcinogens. F r o m the association of scrotal cancer 
i n ch imney sweeps w i t h soot to l iver angiosarcoma of plant workers w i t h 
v i n y l ch lor ide—to name only two examples—epidemiology has ident i f ied 
the relationship. W e must not disregard the results of h u m a n experience 
w h e n evaluating the implications of animal studies. T h e evidence gained 
from h u m a n studies is strengthened by consistency among several studies. 
Con f l i c t ing results among wel l -done , large epidemiological studies raise se
rious doubts about apparent associations. 

It becomes evident that many factors inf luence the development of d is 
ease. Some illnesses, in c lud ing many cancers, may have latency periods of 
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1. H O U K Assessing Environmental Risk 5 

20-40 years. Moreover , i n general , environmental exposure to synthetic 
chemicals has been at relatively low concentrations and through a variety of 
routes—inhalat ion, ingestion, and absorption through the skin . A s a result , 
it is now impossible to determine precisely for the i n d i v i d u a l the events that 
l e d to the development of disease. T h e state of the art i n medica l science or 
epidemiology is not such that we can predict w i t h certainty whether a per 
son who has been exposed to chemicals w i l l u l t imately develop a part icular 
disease or condit ion. 

I n most cases, the conclusion must be drawn that the scientific database 
now available does not permi t a certain determinat ion of whether exposure 
has a causal relation to il lness i n humans. T h e data now available do provide 
sufficient evidence to reduce exposure, and thus possibly to prevent disease 
i n the future. There is a reason for this d ichotomy between prevent ion and 
attr ibution of cause. T h e studies that generate information about the chronic 
low-dose toxic effects of chemicals do not permi t predictions w i t h fu l l con
fidence about the health of an ind iv idua l , but they do assess the health of a 
population and what degree of risk a g iven populat ion w i l l r u n i f exposure 
continues. 

Proper use of the scientific data can lead to major pub l i c health benefits; 
the application to that purpose is both responsible and just. However , to 
press such data into service to explain the cause of an ind iv idua l s disease 
carries a great potential for misuse of the data. 

Ep idemio log i ca l studies never prove cause and effect, although i n some 
instances, reasonable people w o u l d accept them as proof. It is not ethical to 
purposely expose individuals to hazardous substances. I n studies of humans, 
investigators must f ind only instances of inadvertent exposure, and we must 
design studies that provide the best-possible evidence for or against an as
sociation. 

To assess risk optimally, we must gather a l l the da ta—human and a n i 
m a l — a n d combine them w i t h the soundest professional judgment . W e must 
recognize that the multistage l inear ized m o d e l for quantitative risk assess
ment is not appropriate for a l l chemicals. A t the same t ime , we must ac
knowledge that the results of a pub l i shed epidemiological study are not nec
essarily the f inal answer. M a n y of the epidemiological tools, unless used 
impeccably w i t h large enough populations, w i l l y i e l d inconclusive r e s u l t s — 
neither positive nor negative. 

O u r major l imitat ion is dose quantif ication, a p r o b l e m that is relat ively 
s imple to solve for laboratory animals. In epidemiological studies, invest i 
gators frequently use qualitative indicators of dose, such as " h i g h " , " m e 
d i u m " , and " l o w " or "yes" and "no" . As stated, such studies have a significant 
prob lem w i t h misclassification among the potential ly exposed and unex
posed groups. 

To il lustrate the need to base pub l i c health judgment on a l l data c om
b ined , two examples are prov ided . 
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6 ENVIRONMENTAL EPIDEMIOLOGY 
Lead 
E a r l y on , adverse consequences of exposure to lead were associated w i t h the 
workplace, affecting the workers and their families and those i n the i m m e 
diate v i c in i ty of the workplace through environmenta l releases. Others have 
been exposed through ingesting material that contains lead. These are p r i 
mar i ly young ch i ldren who ingest paint chips and soi l and dust that contains 
very small particles of lead. T h e widespread use of leaded gasoline as an 
automobile fuel introduced another source of lead, and inhalat ion became a 
significant route of exposure i n high-traffic areas, not just i n the v i c in i ty of 
smelters. 

Laboratory animal data for lead prov ided both a lowest observed ad 
verse effect leve l ( L O A E L ) and a no observed adverse effect l eve l ( N O A E L ) 
for exposure to lead. These early animal values were , for some end points, 
greater than or equal to levels seen i n workers and their ch i ldren . F o r 
ch i ldren i n the U n i t e d States before the mid-1960s, a l eve l of lead be low 
60 jJ ig /dL i n whole b lood was not considered dangerous enough to require 
intervent ion. Subsequent research noted adverse health effects on humans 
w i t h lower b lood levels; i n 1985 the threshold was lowered to 25 f x g / d L , and 
more recently to as low as 10 [xg/dL. 

Studies of humans have since demonstrated adverse effects at lower 
blood lead levels. Effects of i n utero exposure inc lude decreased gestational 
age and b i r t h weight and retarded mental development . T h e effects i n c h i l 
d ren , for w h i c h no threshold has been def ined, inc lude decrements i n I Q 
and hearing, d imin i shed growth, and reduced v i tamin D metabol ism. F o r 
adults, they inc lude increased b lood pressure i n m e n . Because of the effects 
of low-dose exposure, the l eve l of b lood lead warrant ing concern i n the 
U n i t e d States has been reduced to 10 jxg/dL. Th is threshold was selected 
not because lower levels are without consequences, but because of a prac
tical need to reduce the current b lood lead levels i n the general populat ion. 

Dioxin 
F o r the class of chemicals k n o w n as dioxins and furans and specifically for 
2 ,3 ,7 ,8-tetrachlorodibenzo-p-dioxin, we now have more scientific facts than 
for most chemicals. F o r more than a decade, the results o f animal studies 
have shown diox in to be the most potent carcinogenic synthetic chemica l 
tested. It has also been said that it is " the most toxic man-made chemical 
known to m a n " . W e now recognize that most, i f not a l l , of the biological and 
toxic effects of d iox in are receptor-mediated. W e know that i n animals each 
of these cel lular manifestations of d ioxin-receptor-mediated activity shows a 
concentration be low w h i c h there is no observable ce l lular response. 

D i o x i n is not considered to be genotoxic. I f its mode of action for car
cinogenesis is e i ther receptor-mediated or toxic i ty - induced ce l l prol i fera
t ion , the available scientific information indicates that the l inear ized m u l t i -
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1. H O U K Assessing Environmental Risk 7 

stage mode l is inappropriate for estimating excess l i fet ime cancer r isk to 
humans from the results of animal studies. 

Before we could measure d ioxin i n humans, the most consistent physical 
marker of h igh- leve l h u m a n exposure to d iox in was chloracne. M o r e than 
450 cases of chloracne have been recorded i n workers invo lved i n eight "ac
c idents" i n tr ichlorophenol plants that occurred between 1949 and 1968 i n 
several countries around the wor ld . O t h e r cases have occurred i n hundreds 
of workers exposed to routine leaks and spil ls . H e a v y exposures, usually 
s temming from product ion "accidents" that contaminate workers w i t h (2,4,5-
trichlorophenoxy)acetic acid, d iox in , and other chemicals have been related 
to transient neurological and l i ver effects, w h i c h i n almost al l cases disap
peared w i t h the passage of t ime. 

O n e of the most heavi ly exposed populations i n the w o r l d is that around 
Seveso, Italy. That population of about 30,000 individuals under study i n 
cludes about 700 who l i ved i n or who were i n the most contaminated area. 
W e have measured dioxin content of u p to 56,000 parts per t r i l l i on i n the 
l i p i d port ion of serum i n some of those individuals or about 10,000 times the 
mean background levels for the U . S . populat ion. Chloracne is the only dis 
ease yet found i n the Seveso populat ion. T h e mean dose to the Seveso c h i l 
d ren who developed chloracne, about 3 u,g/kg, is three times as h i g h as the 
dose of 1 |mg/kg that ki l ls hal f of the guinea pigs exposed to i t . 

T h e recently completed Centers for Disease C o n t r o l Nat ional Institute 
for Occupational Safety and H e a l t h ( N I O S H ) study of cancer mortal i ty i n 
workers exposed to d ioxin adds considerable but not conclusive evidence 
about its relationship to cancer. Exposure i n this populat ion has been v a l i 
dated by laboratory measurements of dioxins. This is a study of more than 
5000 product ion workers i n the U . S . chemica l industry and is probably the 
largest and most elegant study that is possible. In general , the study showed 
that over 1500 individuals who had the highest exposure (600 times back
ground) had a modest increase of a l l cancers combined [standard mortal ity 
rate (SMR) = 146] and of cancers of the larynx, bronchus, and l u n g ( S M R 
= 142). There were no increases i n cancer i n the 1500 indiv iduals who 
had been exposed for less than 1 year but whose serum diox in levels were 
60 times background levels, and there was no increase i n the 2000 other 
individuals who had lesser exposures. In addit ion , the contr ibut ion of ex
posure to other chemicals confounding the results i n this N I O S H study can
not be fully evaluated. 

W i t h the exception of ch loracne—a potential ly disf iguring but non - l i f e -
threatening skin condi t ion—there are no convinc ing data that l ink exposure 
of humans to d iox in , even at very h igh levels, w i t h early mortality, adverse 
reproductive outcomes, or chronic diseases of the l i ver or the i m m u n e , car
diovascular, or neurological systems. A l t h o u g h the quest ion of its l ink w i t h 
cancer is not settled, i f d iox in is a h u m a n carcinogen, I bel ieve it is a weak 
one that is associated only w i t h very-high-dose exposures. F u r t h e r m o r e , I 
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8 E N V I R O N M E N T A L E P I D E M I O L O G Y 

bel ieve that d iox in , i f it is a h u m a n carcinogen, acts as a promoter, not as an 
initiator. Two wel l -done studies i n workers support the last two conclusions. 

Conclusion 
D i o x i n and lead are good examples of w h y we must use both animal and 
human data to evaluate the potential health effects of chemica l exposure i n 
humans. T h e early animal studies of lead seemed to show no effects at con
centrations greater than those experienced by humans from many env i ron 
mental exposures. F u r t h e r investigations w i t h humans, however, have 
shown several effects for w h i c h no threshold has been def ined. Thus , we 
continue efforts to remove lead from use and to reduce its environmental 
release to the greatest extent possible. 

W e now have good information about d iox in s mechanisms of toxicity i n 
animals. T h e no-effect l eve l for various toxicological effects i n animals is a 
dai ly dose of about 1 0 0 0 pg/kg. B y us ing k inet i c data, we can equate this to 
a dai ly dose of 1 0 0 pg /kg body weight i n humans. W e also have good infor
mation on the effects on h u m a n health under steady-state conditions. These 
data indicate that the environmental levels of d iox in to w h i c h the general 
population is now exposed are not enough to warrant concern for h u m a n 
health. W e do not want that exposure to increase, but ne i ther need we u n 
dertake expensive environmental c leanup actions where the contamination 
has already occurred. 

C o m b i n i n g a l l the data about health risk for a part icular substance may 
not provide the conclusive answers that are so m u c h i n demand . N e v e r t h e 
less, we bel ieve that we can demonstrate strong associations, where they 
exist, between exposure and adverse health outcomes so that reasonable 
people can take reasonable actions to protect pub l i c health and the env i ron 
ment. Thus , we see the role of pub l i c health agencies as pr imar i l y one of 
prevent ion—just as it has always been. 

R E C E I V E D for rev iew September 3 , 1 9 9 2 . A C C E P T E D revised manuscript 
A p r i l 3 , 1 9 9 3 . 
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2 
The Epidemiological Method 

Gary H . Spivey 

Department of Epidemiology and Industrial Hygiene, Unocal Corporation, 
1201 West 5th Street, Los Angeles, CA 90017 

Epidemiology is the study of the distribution of disease in populations 
and the reasons for that distribution. Disease distribution can be 
characterized by person, place, and time. Risk factors increase the 
probability of disease. Epidemiologists identify associations between 
potential risk factors and disease and evaluate those associations for 
evidence of causality. Latency, the time between exposure and onset 
of disease, must also be considered in assessing causality. Associa
tions between risk factors and disease are shown by increased risk 
relative to those without the risk factor (relative risk) or by propor
tion of disease associated with a given risk factor (attributable risk). 
Frequency of disease is expressed as incidence (new cases in a time 
period) or prevalence (cases existing at a point in time). 

EPIDEMIOLOGY IS A HEALTH SCIENCE that studies the d is tr ibut ion of d is 
ease i n populations and the factors associated w i t h that d is tr ibut ion . A s the 
def init ion impl ies , epidemiology focuses on groups of people , not o n i n d i 
viduals . Because epidemiologists t ry to find the causes of disease, they have 
earned the nickname "medica l detectives". 

History 
Throughout history, m u c h o f h u m a n activity has been de termined by the 
impact o f disease. F o r example, the defeat of Athens b y Sparta was i n large 
part due to an ep idemic o f what was probably scarlet fever (J). T h e great 

0065-2393/94/0241-0009$08.00/0 
© 1994 American Chemical Society 
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10 E N V I R O N M E N T A L E P I D E M I O L O G Y 

plagues of the M i d d l e Ages and the more c o m m o n lesser epidemics created 
great fear. This i n turn l e d to the development of the first death certificates, 
cal led "b i l l s of mortal i ty" . These documents were inst i tuted to provide the 
upper class w i t h advance warn ing of developing epidemics so that they cou ld 
leave the cities (2) . 

I n 1662, John G r a u n t pub l i shed the first systematic study of these bi l ls 
of mortal i ty (3). H e discovered many of the basic facts of the typical patterns 
of mortality. F u r t h e r development of v i ta l statistics and statistical methods 
came i n the 19th century w i t h the establishment of national censuses, the 
desire to better understand means of prevent ing epidemics , and the desire 
to evaluate the efficacy of medica l interventions (4). 

D u r i n g the same t ime per iod , methods of careful field observation of 
the progress of epidemics i n populations were developed. This advance was 
aided by the development of geographical and historical pathology, w h i c h 
focused on characteristics of people , places, and t ime i n relat ion to disease 
occurrence (5). B y careful epidemiological observation and reasoning, a 
number of major advances i n disease prevent ion were made before Pasteur 
and the discovery of microorganisms. Examples inc luded contro l of c h i l d b e d 
fever, cholera, and typhoid (6). 

D u r i n g the 1940s and 1950s, epidemiology began to shift from the study 
of infectious diseases to that of chronic diseases, such as heart disease and 
cancer. D u r i n g that t ime , it also became recognized as a scientific d isc ip l ine 
i n its own right. R a p i d advances i n methodology were made d u r i n g the 
1960s and 1970s. The subspecialty of environmental epidemiology began to 
emerge i n the midd le to late 1970s. 

Epidemiological Observation 
O n e of the earliest methods, and st i l l the heart of epidemiology, is careful 
epidemiological observation. T h e most fundamental tenet of epidemiology 
is that disease does not occur randomly. Therefore, i f you can measure and 
describe where , w h e n , and i n w h o m disease does occur and what other e n 
tities follow the same pattern, you can discover w h y the disease occurs. T h e 
basic method of descr ib ing disease d is tr ibut ion is descr ipt ion of the charac
teristics by person, place, and t ime. 

" P e r s o n " refers to the personal characteristics of those who develop d is 
ease. T h e most important of these is age. A l l diseases vary sharply w i t h age. 
O t h e r important personal characteristics inc lude sex, race, education, oc
cupation, and personal habits, such as cigarette smoking. 

" P l a c e " refers to geographical variation on both macro- and microscales. 
Differences i n disease occur among continents, w i t h i n countries , and across 
cities. O n a microscale, one may l ink cases of a disease to a single household 
or restaurant, for example. 

" T i m e " refers to characteristics of w h e n the disease occurs. There are 
long-term trends i n many diseases, such as the rise d u r i n g the past 20 years 
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2. S P I V E Y The Epidemiological Method 11 

of l u n g cancer among w o m e n because of changing smoking habits (7). There 
are also cycl ic trends i n many diseases. Inf luenza, for example, is more c om
m o n d u r i n g the winter. 

O n e characteristic of t ime important to understanding infectious disease 
is the incubation per iod (Figure 1). Th is is the t ime between exposure and 
onset of c l in ica l symptoms. F o r chronic diseases, we refer to the per i od be 
tween exposure and onset of disease as " latency" . F o r most chronic diseases 
latency is measured i n decades. This long latency per i od is one of the major 
obstacles to environmental epidemiology, because it is difficult to assess ex
posures that took place decades earlier. 

T h e person -p lace - t ime method can be i l lustrated by an example from 
16th-century E n g l a n d . S i r George Baker became interested i n a strange d is 
ease noted i n Devonshire , cal led the " endemia l colic of D e v o n s h i r e " (8). 

Baker first noted that the disease occurred only i n Devonsh ire (place), 
as i m p l i e d by the name. This alone suggests the possibi l i ty of an env i ron 
mental or life-style cause. H e next noted that the disease occurred only i n 
autumn (time). T h e n he noted that the disease was far more c o m m o n among 
the lower classes (person). This s imple observation of d istr ibut ion by person, 
place, and t ime l e d to further investigation of what happens i n autumn i n 
Devonshire . H e found that autumn is the t ime of the apple harvest and of 
c ider pressing. L o o k i n g more closely at place, he found that the greatest 
n u m b e r of cases were seen i n the parts of Devonsh ire where c ider was 
made. H e also observed that the lower classes drank a great deal of cider, 
whereas the upper class d i d not. Thus , the disease appeared to be related 
to the pressing of cider. However , other parts of E n g l a n d pressed c ider and 
d i d not have this disease. T h e next step was to compare the equipment and 
methods of Devonshire w i t h those of other parts of E n g l a n d . I n Devonsh ire , 
the stone c ider presses were sealed w i t h lead, whereas other parts of E n g 
land d i d not use lead: T h e endemia l colic was what we now recognize as 
lead poisoning. 

Infectious Diseases 

Incubation Period 

Exposure Symptoms 

Chronic Diseases 

Latency 

Exposure Disease 
Figure 1. Time-line illustration of 
incubation period and latency. 
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12 E N V I R O N M E N T A L E P I D E M I O L O G Y 

Today, we seldom have circumstances as clear-cut as i n this example. 
Person, place, and t ime characteristics are typical ly del ineated by means of 
a series of investigations. W h e n we conduct studies, we seek to identify 
characteristics that vary i n frequency i n the same pattern as the disease; that 
is, w h e n the disease is rare, the characteristic is rare, and vice versa. F o r 
example, early studies of acquired immunodef ic iency syndrome (AIDS) i n 
the U n i t e d States showed that A I D S was more frequent i n populations w i t h 
a h igher proport ion of homosexuals or intravenous drug abusers (9). In A f 
rica, A I D S is more common along major truck routes (10). Such character
istics are said to be associated w i t h the disease. T h e association between 
characteristic and disease must be assessed to determine whether the re la 
t ionship may be causal; that is, whether the characteristic causes the disease 
or whether the relationship has some other explanation, such as error or a 
close association w i t h another characteristic. 

Characteristics that are judged to be important i n de termin ing w h e n 
and where disease occurs are cal led "r isk factors". Risk factors may not be 
the root cause of the disease, but having a risk factor increases ones chance 
of developing the disease. I n the example of the endemia l col ic , identi f ied 
risk factors inc luded l i v i n g i n Devonshire , be ing of the lower class, and 
d r i n k i n g cider. 

Measuring Disease 
Although we frequently treat disease as i f it were a yes-or-no p h e n o m e n o n — 
either you have it or you do not-—it is m u c h more complex than that. A l l 
disease has some variabi l i ty i n its manifestation; frequently, some cases go 
completely unnoticed. The variation can be extremely smal l ; rabies, for ex
ample , is v ir tual ly 100% fatal. T h e main variation is i n the length of course 
of the disease. O n the other end of the spectrum is disease such as mumps , 
for w h i c h 3 0 % of ch i ldren develop i m m u n i t y without ever showing c l in ica l 
signs of i l lness, although 1 c h i l d i n 5000 dies of complications of the disease. 
W e cal l this range of c l in ica l manifestations the "spectrum of disease" (Figure 
2). It can complicate the study of disease because of the complexity of de-

INAPPARENT 

SEVERE 

HEALTH • DEATH 

J COMPLICATIONS 

MILD 
Figure 2. The spectrum of disease. 
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2. S P I V E Y The Epidemiological Method 13 

t e rmin ing who does or does not have the disease. Sometimes we can deter
mine at least some risk factors, such as malnutr i t ion or genetic predisposi 
t ion, that inf luence the severity of the disease process. I n most cases, we do 
not know these factors and s imply refer to "biological var iabi l i ty . " 

Besides information on the def init ion and diagnosis of disease, measure
ment of the frequency of the disease requires knowledge of the populat ion 
size. Suppose one were interested i n the frequency of heart attacks i n C a l 
i fornia. I f it were found that there are 20,000 cases per year i n Cal i forn ia 
and 100,000 cases per year in the rest of the U n i t e d States, could one con
c lude that heart attacks i n Cal i forn ia are m u c h less c ommon than i n the rest 
of the U n i t e d States? Clear ly , the answer is " N o " . I f the populat ion of C a l i 
fornia were 30 m i l l i o n , the frequency of heart attacks w o u l d be 20,000 i n 30 
m i l l i o n , or 1 i n 1500 people. I f the populat ion of the rest of the U n i t e d States 
were 200 m i l l i o n , the frequency of heart attacks w o u l d be 100,000/200 m i l 
l i on , or 1 i n 2000 people. Thus , the actual frequency i n Cal i forn ia w o u l d be 
higher than i n the rest of the U n i t e d States. (Of course, these figures are 
made up.) 

W e need to be a b i t more precise. Typical ly , we measure frequency of 
disease by one of two definitions: incidence or prevalence. Incidence is the 
n u m b e r of new cases d iv ided by the size of the populat ion. It is a measure 
of the " speed" at w h i c h the disease is occurr ing. Just as we must know the 
length of the observation per iod i n calculating the speed of a car, so we must 
specify the t ime per iod i n calculating incidence. F o r many diseases, a large 
proport ion of the populat ion may not be susceptible. F o r example, anyone 
who had measles as a ch i ld or was vaccinated is typical ly no longer at risk of 
developing the disease. F o r such diseases, relat ing the n u m b e r of n e w cases 
to the total population w o u l d give an inaccurate measure of the disease s 
frequency. W h a t we are really interested i n is the n u m b e r of cases among 
those actually at risk. Thus , the fu l l technical def init ion of inc idence is the 
n u m b e r of new cases in a t ime per iod , d i v i d e d by the n u m b e r of people at 
risk. This produces an estimate of the chances of a susceptible person getting 
the disease. 

Prevalence is the n u m b e r of existing cases of disease at any g iven point in 
time. I n this case, we do not correct for those at risk. Prevalence is s imply 
the number of existing cases at a point i n t ime , d i v i d e d by the total size of 
the population. 

In F i g u r e 3, prevalence is represented as l i q u i d i n a pot. T h e greater the 
flow of water into the pot, the higher the water l eve l tends to rise. L i k e w i s e , 

incidence = 
n u m b e r of new cases (time period) 

populat ion at risk 

prevalence = 
n u m b e r of existing cases (point in time) 

total populat ion 
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14 E N V I R O N M E N T A L E P I D E M I O L O G Y 

the greater the flow of water out of the pot through the drains, the more the 
water l eve l w i l l fall . T h e flow into the pot represents incidence. T h e flow 
out represents the two ways i n w h i c h a case can drop from the pool of prev 
alent cases: recovery from the disease and death. A disease w i t h a very short 
course, for example, 1 day, can have a low prevalence, even i f it occurs 
commonly, because of the h igh outflow through recovery or death. A disease 
of long durat ion, for example, 20 years, can have a h igh prevalence, even i f 
it is relatively rare, because of the low outflow. Prevalence and incidence 
tend to be i n e q u i l i b r i u m , w i t h prevalence be ing proport ional to incidence 
times the length of the disease (duration). 

prevalence <* incidence X duration 

This relationship is significant because prevalence rates are frequently c om
pared, be ing easier to obtain than incidence rates. W h e n we compare prev 
alence rates, we assume that differences i n prevalence reflect differences i n 
incidence. A population that has a higher prevalence of a disease may, i n 
fact, be at higher risk of the disease. However , that populat ion could have a 
lower risk but a longer duration of disease, for example, because of better 
medical care. Because of this p rob l em, incidence is the preferred measure 
for studies of causation. Prevalence can be useful for pub l i c health purposes, 
such as estimating the need for nurs ing home beds. 

Measures of Association 
Just as we have measures of frequency, we also have measures of association. 
Mos t commonly, we use relative risk and attributable risk. 

Relative risk (RR) is a measure of how many times greater is the risk of 
one population than another. It is defined as the incidence among those 
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2. S P I V E Y The Epidemiological Method 15 

exposed to a risk factor (I e), d i v i d e d by the inc idence among those not ex
posed (I0). 

RR = If 

Relat ive risk is a measure of the strength of an association. T h e greater the 
relative risk, the more l ike ly that the risk factor is important i n causation. 
General ly , we tend to doubt relative risks of less than 1.5. L o w e r relative 
risks are more l ike ly to be artifacts due to uncontro l led confounders. T h e y 
suggest that the factor may not be a very important cause of the disease. 
Somewhat l ike a low chemical detection l i m i t , where the presence of the 
chemical at that l eve l does not necessarily indicate h a r m , a relative risk less 
than 1.5 typical ly indicates an association that may be due to confounding or 
that is not biologically important. 

Attr ibutable risk is a measure of the impact of a r isk factor. W e may be 
interested, for example, i n the impact of cigarette smoking on l u n g cancer. 
N o t a l l lung cancer is caused by cigarettes. There is a normal background 
rate of lung cancer i n nonsmokers. E v e n among smokers, some of the l u n g 
cancer can be accounted for by the normal background risk. T h e attributable 
risk (AR) then is defined as the difference between the incidence i n the 
exposed and the unexposed—in other words, the excess incidence among 
the exposed after removing the expected background incidence. 

AR = Ie- I 0 

Attr ibutable risk is the port ion of the incidence among those exposed 
that can be attr ibuted to that exposure. It is frequently expressed as a per 
centage of total incidence (Figure 4). L i k e prevalence, it is more useful for 
pub l i c health purposes than for etiological research. As an i l lustrat ion (Table 
I), cigarette smokings strong association w i t h l u n g cancer is shown by a very 

Figure 4. Illustration of attributable risk. 
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Table I. Measures of Risk: Relative versus Attributable 

Coronary 
Factor Lung Cancer Heart Disease 

Heavy smokers (incidence) 166/100,000 599/100,000 
Non smokers (incidence) 7/100,000 422/100,000 
Relative risk (ratio) 23.7 1.4 
Attributable risk (cases/100,000) 159/100,000 177/100,000 

S O U R C E : Data are taken from reference 11. 

high relative risk. T h e attributable risk is also h igh . T h e association of c iga
rette smoking w i t h heart disease, however, does not appear to be very 
strong. T h e relative risk is smal l , meaning that cigarette smoking is not a 
major independent cause of heart disease. However , cigarette smoking has 
a large attributable risk w i t h heart disease, and thus, has major pub l i c health 
significance. 

Measuring Exposure 
Because exposure is the major independent variable, the value of an e n v i 
ronmental epidemiological study depends i n large part on the quality and 
accuracy of the exposure estimate. Several general issues related to measur
ing or estimating exposure must be considered. 

The technical measurement of exposure may be difficult because of such 
problems as imperfect knowledge of environmental behavior or the expense 
of moni tor ing methods. It is further complicated by the fact that there are 
several routes of entry into the h u m a n body, part icularly inhalat ion, inges
t ion , and skin absorption. 

There also may be mul t ip le sources of exposure. F o r example, one can 
be exposed to benzene whi l e p u m p i n g gas i n a service station or whi l e be ing 
i n the same room w i t h a cigarette smoker. T h e importance of different 
sources and routes of exposure may be affected by each ind iv idua l s life style, 
such as the amount of t ime spent outdoors and the activities engaged i n . 

As ment ioned earlier, the exposure of interest may have been i n the 
past. Because of trends i n industr ia l activity, transportation, and regulation, 
todays exposure may not accurately reflect past exposure. F o r past expo
sure, the most we can hope to achieve is a relative gradient of exposure, 
such as h igh , m e d i u m , or low. 

F ina l ly , because epidemiological studies generally involve large n u m 
bers of people and long periods of t ime, we must represent exposure by 
some k i n d of summary measure, typical ly an average value. Very l i tt le i n 
formation is available on the relative importance of different types of s u m 
mary exposure statistics. However , some data on acute effects of both n i t ro -
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2. S P I V E Y The Epidemiological Method 1 7 

gen dioxide and ozone suggest that the peak leve l is more important than 
the average. I n a somewhat different fashion, a severe sunburn early i n life 
may be the most relevant sun exposure for future skin cancer. Thus , we need 
to realize that alternate ways of summar iz ing the data may be cr i t ical . 

Causality 
Judging whether an association is causal is a difficult task i n epidemiology, 
because epidemiological studies are observational, not experimental . T h e 
investigator has l i tt le control over the independent variables. A n important 
first step is to look for possible bias that might have produced a spurious 
association. Bias is a systematic error i n measurement, such as the results of 
an improper ly marked ruler. Bias can arise i n many other ways i n e p i d e m i 
ological studies, such as by using nonrandom samples of a populat ion. A good 
example of this type of bias was the p o l l i n the 1936 president ia l elect ion 
that indicated L a n d o n had defeated Roosevelt. T h e p o l l was based on the 
telephone directory. T h e pollsters failed to recognize that i n 1936 only the 
more affluent members of the populat ion generally had telephones, and 
those people were more l ike ly to vote Repub l i can (12). 

W e now consider causal evidence (Figure 5). I n the first mode l , A causes 
X . I n this case, A is said to be both necessary for X to occur and sufficient 
for X to occur. In the second mode l , A is necessary for X to occur but is not 
sufficient because B is also necessary. T h e tubercle bacil lus is necessary for 
tuberculosis to occur, but it is not sufficient. N o t everyone infected w i t h the 
tubercle bacil lus w i l l develop tuberculosis. I n the t h i r d mode l , A is sufficient 
for X to occur but is not necessary because there are other causes. C y a n i d e 
is sufficient to cause death, but there are many other causes. T h e fourth 
mode l is by far the most common. In this case, A is ne i ther sufficient nor 
necessary for X to occur. 

Because of most causal factors be ing neither necessary nor sufficient, 
nonexperimental conditions, and many potential sources of bias, the assess-

2. A+B I X 

Figure 5. Models of causality. 
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merit of causality must be done w i t h care. Epidemio log is ts generally use a 
common set of cr i ter ia to he lp judge the evidence. They are the fo l lowing: 

• t ime sequence 
• strength of association 
• specificity of association 
• consistency among studies 
• consonance w i t h existing knowledge 

The first cr i ter ion is t ime sequence. To be a cause, the factor must precede 
the i l lness. A l though the cr i ter ion is conceptually s imple , actually ver i fy ing 
this sequence can be difficult. 

T h e second cr i ter ion has already been discussed: the strength of the 
association. This is usually measured by the relative risk. 

T h e t h i r d cr i ter ion is specificity. T h e easiest is a one-to-one associa
t ion—one factor, one disease—but this situation is rare. General ly , the fewer 
diseases a factor is associated w i t h , the more l ike ly it is thought to be causal. 
However , many diseases are k n o w n to be caused, i n part , by cigarette smok
ing . These inc lude mult ip le types of cancer and such diverse other diseases 
as aortic aneurysm, ulcers, and fetal death. Thus , cigarette smoking is one 
causal agent that does not meet the specificity cr i ter ion . O f course, one can 
also say that cigarette smoke is not really a single agent because of its c o m 
plex mix of chemicals. 

T h e fourth cr i ter ion is the consistency of the association. C a n the find
ings be repl icated i n different studies and i n different populations? I f there 
is a true biological relationship, it should be found among different ethnic 
and racial groups, both sexes, and so on; or there should be a good reason 
w h y the relationship does not h o l d for a particular group. F o r cigarette 
smoking, the association w i t h l u n g cancer has been shown by many different 
studies, by means of different methodologies, and i n many different p o p u 
lations a l l over the w o r l d . 

F ina l ly , is the f inding consonant w i t h existing knowledge? D o a l l the 
bits of evidence constitute a coherent whole? I n particular, we look at 
whether the proposed association is biologically plausible . I f not, it may be 
because of something we do not understand about biological systems, but it 
is more l ike ly to be a noncausal association. 
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3 
Design Methods for Occupational and 
Environmental Epidemiology 

M a r y F r a n Sowers 

University of Michigan, School of Public Health, Department of Epidemiology, 
Ann Arbor, MI 48109 

This chapter provides an introduction to the fundamental epidemio
logical study designs, including the cross-sectional, cohort, and case

-control designs. Each has strengths or weaknesses relative to the abil
ity to characterize a temporal relationship of exposure to disease. The 
discussion of each design includes a description and example of its 
application or a potential limitation. 

THE CONCEPT OF RISK i n epidemiology (the probabi l i ty o f disease occur
rence) is used to identify factors that cause or are h ighly associated w i t h 
disease. These risk factors can be ind iv idua l attributes, specific exposures, 
or ind iv idua l behaviors that alter, posit ively or negatively, an i n d i v i d u a l s 
l ike l ihood of having a specific disease. 

Ep idemio log i ca l studies compare groups of indiv iduals having different 
levels of exposure to determine whether the ir disease frequencies are dif
ferent from those of groups having no exposure. In certain epidemiological 
study designs, one can determine the amount of risk associated w i t h a par 
ticular exposure by subtracting the disease frequency i n nonexposed (or less-
exposed) individuals from that of exposed indiv iduals . 

Ep idemio log i ca l studies can serve a variety of purposes i n env i ronmen
tal epidemiology and address a wide spectrum of questions. This chapter 
reviews the pr imary study design options available to the scientist for char
acterizing health risks i n populations. It delineates design options, the 
strengths and weaknesses of each design opt ion, examples of each opt ion, 
and the type of effort r equ i red for implementat ion . T h e references inc lude 
a list of suggested readings to facilitate a more in -depth understanding of 
the study designs and their quantitative output (1-5). 

0065-2393/94/0241-0021$08.00/0 
© 1994 American Chemical Society 
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22 E N V I R O N M E N T A L E P I D E M I O L O G Y 

The epidemiological study design options commonly used i n env i ron 
mental epidemiology studies are shown i n the fo l lowing list . T h e y inc lude 
descriptive studies, such as cross-sectional or correlational studies. Obser 
vational analytic studies inc lude cohort and case-control studies. 

Types of Epidemiological Studies 

I. Descr ipt ive studies 
A . Cross-sectional studies 
B . Descript ions of clusters 
C . Ecological studies 

II . Observational Analyt i ca l studies 
A . Cohor t studies 

1. Prospective cohort 
2. Retrospective cohort 

B . Case-control studies 
C . Intervention studies 

Descriptive Studies 
Cross-Sectional or Prevalence Studies. Cross-sectional studies 

characterize both exposure and disease outcome at the same point i n t ime. 
A common variation is the prevalence study, w h i c h correlates the prevalence 
of a part icular disease (existing cases of disease) w i t h self -reported historical 
exposure information. The cross-sectional design cannot dist inguish whether 
exposure occurred before or after disease developed. Because its estimates 
the prevalence of a particular disease, rather than the amount of new disease 
(incidence) associated w i t h that exposure, the cross-sectional study design is 
considered a hypothesis-generating, rather than hypothesis-testing, study 
design. This design is more efficient for descr ib ing the disease experience 
of the population and attendant allocation of health care resources than for 
de termin ing the role of the exposure in disease causality. 

Probably the most notable l imitations of the cross-sectional studies are 
their inabi l i ty to establish a temporal sequence of events and the potential 
for a survivor bias. F u r t h e r m o r e , the cross-sectional study is an inefficient 
tactic i f the outcome is a rare condit ion. 

Descriptions of Clusters. " C l u s t e r s " are reported aggregations of 
disease that appear to occur w i t h greater frequency i n a part icular locale and 
t ime frame than w o u l d typical ly be expected. Recently, guidelines have 
been issued by the Centers for Disease C o n t r o l for the investigation of c lus
ters (6). In part, these guidelines are an acknowledgment that the perception 
of a disease cluster may be just as important as the cluster. 
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3. S O W E R S Design Methods for Epidemiology 2 3 

Ecological (Correlational) Studies. I n ecological studies, the units 
of observation are groups, rather than indiv iduals . These studies are used 
w h e n exposure and disease data have been col lected for separate purposes 
and it is not possible to l ink a specific exposure and/or disease to the i n d i 
v idual . T h e overal l levels of exposure and disease for the groups are com
pared to determine whether those w i t h the greater exposure have greater 
disease frequency. 

A famous correlational study y ie lded f indings, later val idated by c l in ica l 
trials, that areas w i t h greater f luoride levels had fewer individuals w i t h de
cayed, missing, or filled teeth. T h e in i t ia l observation generated testable 
hypotheses, but the relationships were not considered causal. 

T h e pr imary l imitat ion of the ecological study is that an association at 
the group leve l may not necessarily indicate a causal association between the 
exposure and outcome at the ind iv idua l l eve l . This is k n o w n as the "ecolog
ical fallacy". Whereas residents i n an area w i t h an incinerator may have 
higher lung cancer rates, they also may be more l ike ly to smoke. I n an eco
logical study, i t is not possible to determine w h i c h exposure is the causal 
factor. I f both were causal, it w o u l d not be possible to describe how m u c h 
of the risk should be attr ibuted to either exposure. 

Analytical Observational Studies 
Cohort Studies. C o h o r t studies involve large groups of people who 

have been considered as to their exposure at a specified base-l ine t ime and 
subsequently observed for the development of disease. T h e cohort study 
takes advantage of the incidence measure to estimate risk. I f disease is re 
lated to exposure, the frequency of exposure should be greater among the 
diseased than among the nondiseased group. T h e estimator of the risk rep 
resents the probabi l i ty of developing disease, g iven a part icular exposure. 
A t the t ime the exposure is def ined, the cohort is also examined to deter
mine that it is free of preexist ing disease so that a temporal relationship 
between exposure and disease can be maintained. 

This approach is found i n occupational studies i n w h i c h workers i n spe
cific industries are characterized as to potential exposure and moni tored over 
the course of t ime for changes i n exposure u n t i l disease is detected. W e l l -
k n o w n examples of environmental cohort studies inc lude the A t o m i c B o m b 
Survivors Cohor t of H i r o s h i m a , Japan, and the Ranch Hands Cohor t , who 
were on the flights to apply defoliants i n V ie tnam. 

Variations i n the cohort design are based on the type of group r equ i red 
to formulate exposed and nonexposed components of the cohort and the time 
frame. T h e e lement of t ime frame is shown i n F i g u r e 1. 

I n a prospective cohort study, persons are classified w i t h respect to ex
posure at the beg inning of the study and fol lowed for a specified t ime into 
the future to determine disease outcomes. In contrast, a retrospective (his-
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Measurement of 
Exposure Status 

in the Past 

^Population \ 
Exposed 

Not 
Exposed 
Sample 

Present 
Disease Status 

Disease No 
Disease 

Disease No 
Disease 

Retrospective Cohort 

Figure 1. A comparison of the time frames for prospective and retrospective 
cohort studies. 

torical) cohort study uti l izes groups of people identi f ied i n the past and uses 
historical records to estimate the ir exposure. T h e outcome, e i ther a m o r b i d 
or a mortal event, is de termined i n the present. 

T h e selection of individuals to participate i n a cohort study is often de 
termined by the type and frequency of exposure be ing evaluated. F o r a 
common exposure such as smoking, it w o u l d be relatively easy to formulate 
a randomly sampled communi ty cohort. F o r more rare exposures, such as 
those often associated w i t h occupations or env ironmenta l factors i n a specific 
geographical area, i t is more efficient to select a group of indiv iduals who 
have undergone a specific exposure and to subsequently examine the health 
effects. This k i n d of selection process has been used i n cohort studies of 
individuals i n occupations such as rubber processors, u r a n i u m miners , and 
shipbui lders . It has also been used to study residents i n geographical areas 
w i t h nuclear power plants and hazardous material d u m p sites. Th i s use of a 
special-exposure cohort generates enough persons exposed to the factors of 
interest that reasonably stable estimates of the ir r isk can be formulated. A d 
ditionally, special-exposure cohorts permi t the evaluation of outcomes suf
ficiently rare that a random populat ion cohort w o u l d be proh ib i t ive ly large 
(and therefore costly). 

A n example of a special-exposure cohort can be found i n our studies of 
f luoride and bone fracture i n Iowa. W h e n the cohort was formed i n 1983, 
the in i t ia l hypothesis was that fewer fractures w o u l d be found among w o m e n 
exposed to higher levels of fluoride than among w o m e n exposed to usual 
levels of f luoride. H i g h e r f luoride levels were observed among w o m e n who 
l i ved i n a communi ty i n w h i c h the naturally occurr ing f luor ide l eve l is 4 
parts per m i l l i o n (ppm), the highest allowable l eve l under current E n v i r o n 
mental Protect ion Agency standards. U s u a l levels o f f luor ide were charac
ter ized i n w o m e n who l i v e d i n communit ies i n w h i c h the water supply was 
f luoridated to a leve l of 1 p p m . I n contrast to the hypothesized outcome of 
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fewer fractures, we actually found more fractures d u r i n g the 5-year per iod 
of observation. W o m e n w i t h higher f luoride exposure at base l ine were 
found to have a two times greater risk of fracture i n the subsequent 5-year 
per iod than w o m e n w i t h the lower f luoride exposure, after adjustments 
were made for age, body size, perimenopausal estrogen use, and thiazide 
antihypertensive medicat ion use (7). 

The cohort study is a powerful design for def ining incidence and inves
tigating potential causes of disease. Because exposure is measured before 
the presentation w i t h disease, one can maintain an appropriate t ime se
quence that is not reliant on an ind iv idua l s correct sel f -reporting of charac
teristics. This temporal sequence is considered one of the essential cr i ter ia 
for causal inference. Cohor t studies are part icularly appropriate for studying 
fatal diseases, for w h i c h any recal l of exposures must come from a surrogate 
who may not know personal characteristics of the decedent or whose recall 
of certain characteristics may be h ighly in f luenced by the process of dy ing . 

The cohort study is l i m i t e d by the sample size r equ i red for ascertaining 
important differences i n the d istr ibut ion of disease. E v e n w i t h relatively 
common diseases, such as cardiovascular disease, sample participants usu 
ally number i n the thousands. 

Case-Control Studies. Case-control studies ut i l ize samples of d is 
eased and nondiseased persons to determine the frequency of the exposure 
of interest, rather than to evaluate exposure i n a disease-free populat ion and 
to await subsequent disease expression as w o u l d be done i n a cohort study. 
If exposure is associated w i t h outcome, the frequency or the gradient of the 
exposure should be greater i n the disease group than i n the control or non -
diseased group. The quantitative estimator of this relationship is cal led an 
odds ratio, w h i c h identifies the probabi l i ty of odds of exposure among the 
diseased i n comparison to the odds of exposure i n the control group and is 
considered a surrogate estimate of the relative risk (as shown i n F i g u r e 2). 

The case-control study design is w ide ly used i n environmental epide
miology. F o r example, L o n d o n et al . (8) pub l i shed a case-control study of 
the relationship between exposure to electric and magnetic fields i n the 
home and risk of l eukemia among ch i ldren aged 0-10 years i n Los Angeles 
County , Cal i fornia . The cases were ascertained through a population-based 
tumor registry. There were two kinds of controls: friends of those studied 
and a random population control secured through random-digit telephone 
dial ing. A l though the investigators observed an association between certain 
types of w i r i n g configurations, no clear association was seen between l e u 
kemia risk and the magnetic or electric fields that were measured (8). 

The case-control study design is h ighly efficient. It requires a relatively 
short t ime between implementat ion and identif ication of the quantitative 
outcome. Fur thermore , because most diseases are relat ively rare events, the 
design is efficient i n requ i r ing that relatively fewer persons be contacted to 
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26 E N V I R O N M E N T A L E P I D E M I O L O G Y 

determine whether a relationship exists. A l t h o u g h the design is efficient, i t 
remains susceptible to a variety of biases or systematic errors. 

T h e systematic errors most frequently associated w i t h case-control s tud
ies inc lude recal l bias and selection bias. Reca l l bias impl ies that persons 
w i t h the disease are more l ike ly to have differential recal l o f a past exposure 
after rece iv ing their diagnosis. T h e potential for selection bias occurs w h e n 
the control group is not constructed randomly and does not have the same 
l ike l ihood of disease (other than disease result ing from the exposure of i n 
terest) as that of the populat ion that gave rise to the cases. 

A n example of selection bias is the "healthy worker effect", observed i n 
occupational epidemiology. Essential ly , the healthy worker effect refers to 
the observation that employed persons tend to be healthier than the general 
populat ion, w h i c h includes those too i l l to work (see F i g u r e 3). A s people 
become i l l , they tend to remove themselves from certain occupations. I n 
environmental epidemiology, one sees a s imilar phenomenon i n w h i c h peo
ple who fear an environmental contamination relocate to geographical r e 
gions where they perceive less contamination. L i k e w i s e , people w i t h r e 
sources have greater flexibility i n m i n i m i z i n g their exposure to local ized 
environmental contamination. Thus , individuals who become study subjects 
i n a local ized contamination may be different from the general populat ion. 

Case-control studies also offer the opportunity to "nest" themselves 
w i t h i n other study designs. This approach is used w h e n a case-control study 
is a component of a cohort study or i n conjunction w i t h a surveil lance pro 
gram. T h e leukemia and magnetic fields example represents the use of a 
nested case-control study i n w h i c h cases were identi f ied by means of an 
ongoing tumor surveil lance program. 

Intervention Studies. Intervent ion studies are found infrequently 
among epidemiological studies of the environment . There may be surve i l 
lance studies that examine air, water, or soi l qual i ty before and after an i n 
tervention. However , rarely is the health of humans examined before and 
after i m p l e m e n t i n g an environmental intervent ion . 

Cohort 
Study: 

d(exposed) 
1 (exposed) 

d(unexposed) 
1(unexposed) 

incidence 
- ( e x P ° s e c 0 
" incidence 

(unexposed) 

relative 
risk 

Case -
Control 
Study: 

s (diseased) 
I (diseased) _ estimate 

e (non-diseased) of RR 
e (non-diseased) 

. Odds 
Ratio 

Figure 2. The "healthy worker effect" can generate systematic error in as
sociations between disease and exposure in cross-sectional studies. 
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Job 
with 

exposure 

80 healthy 80 healthy 

20 respiratory 
symptoms' 

10 change 
Jobs 

10 respiratory 
symptoms 

Job 
without i 

exposure 

90 healthy 

10 respiratory 
symptoms 

90 stay well 
20 respiratory 

symptoms 

Time 1 Time 2 

Job with Exposure, T t H= 20%, T 2 ±£ = 11% 
100 90 

Job without Exposure, T t 

Figure 3. A comparison of the estimators of risk from the cohort and case-
control study designs. (RR = relative risk.) 

Summary 
Study designs are tactics or strategies for e l i c i t ing the nature of a relationship 
between an exposure and an outcome w i t h i n a given populat ion. The se
lection of a particular study design is based on the investigators degree of 
confidence i n the t ime order and directionality of the relationship. Prag 
matically, frequency of disease occurrence, cost of research, ethics of 
randomiz ing populations to exposure, and availabil ity of natural experiments 
are factors that the investigator should consider i n selecting a study design. 
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4 
Interpreting Epidemiological Studies 

George Maldonado 

Division of Environmental and Occupational Health, School of Public Health, 
University of Minnesota, Minneapolis, MN 55455 

A primary objective of an epidemiological study is to obtain a valid 
(unbiased) estimate of the effect of an exposure on disease occur
rence. Most epidemiological studies are observational (nonexperi-
mental) and consequently are subject to more potential biases than 
experiments. This chapter (1) discusses and gives examples of the ma
jor potential biases that may occur in epidemiological studies, (2) 
discusses strategies for controlling each bias, and (3) discusses how 
to interpret epidemiological results when strategies for controlling 
bias fail to achieve full control. 

IVESTIGATORS IN MOST SCIENTIFIC discipl ines employ an exper imental de 
sign i n w h i c h subjects are randomly allocated to different exposure groups, 
many of the study conditions are precisely control led , and relevant factors 
are precisely measured. 

Epidemiologists rarely have this luxury. Mos t epidemiological studies 
use an observational (nonexperimental) design. Instead of randomly allocat
ing subjects to different levels of an exposure whose effects the investigator 
wants to study, epidemiologists observe groups of people and attempt to 
ascertain accurately the l eve l of exposure that each person has experienced. 
Instead of precisely control l ing experimental condit ions, epidemiologists ob
serve extraneous factors that might inf luence the study outcome, and they 
attempt to control them w i t h observational designs and statistical analysis 
techniques. Instead of precisely measuring relevant factors, epidemiologists 
frequently "make do" w i t h imprecise measurements and the imperfect 
memory of subjects. 

Because of the observational nature of most epidemiological studies, the 
estimates one computes from epidemiological data may suffer from bias (sys-

0065-2393/94/()241-0029$08.00/0 
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30 E N V I R O N M E N T A L E P I D E M I O L O G Y 

tematic deviation of results from truth). Therefore, to correctly interpret 
epidemiological studies, one must 

1. recognize and understand the important potential sources of 
bias 

2. evaluate the magnitude and direct ion of potential biases 

In other words, interpret ing the results of an epidemiological study is 
l ike shaping a rough d iamond into a f inished product . T h e rough d iamond 
is l ike the potential ly biased estimates of effect one obtains from an obser
vational epidemiological study. Shaping the d iamond is l ike making infer
ences about the magnitude and direct ion of potential biases. T h e f inished 
stone is l ike the combination of estimates of effect and inferences about 
biases. 

M a k i n g inferences about the magnitude and direct ion of possible biases 
is not a s imple task. It takes m u c h knowledge and experience to "shape the 
d iamond" . This chapter outlines a strategy for making inferences about po
tential biases and highlights the important issues to be considered. Rothman 
(I), Ke lsey et a l . (2), Checkoway et a l . (3), and G r e e n l a n d (4) give more i n -
depth discussions of these issues. 

This chapter assumes a famil iarity w i t h basic epidemiological t e r m i n o l 
ogy such as relative risk, odds ratio, and risk factor. It also assumes a basic 
understanding of cohort and case-control epidemiological study designs. T h e 
two preceding chapters i n this vo lume and A h l b o m and N o r e l l (5) or W a l k e r 
(6) give an introduct ion to these issues. 

A Basic Strategy for Interpreting Epidemiological Studies 
T h e three most important types of bias that can occur i n epidemiological 
studies are the fol lowing: 

1. information bias 
2. confounding 
3. selection bias 

A basic strategy for interpret ing epidemiological results is to evaluate 
the magnitude and direct ion of each of these three biases. This chapter (1) 
defines and gives examples of these three biases, (2) discusses strategies for 
contro l l ing each bias, and (3) discusses how to interpret epidemiological r e 
sults w h e n bias may be present. 

Information Bias 
Bias due to errors i n measuring (or classifying) the study variables is cal led 
information bias. 
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Information bias is perhaps the most important bias i n epidemiological 
studies, for several reasons: 

1. There are sources of measurement error i n nearly a l l ep ide 
miological studies. F o r example, measurement error may be 
caused by imperfect recal l of subjects, by improper ca l ibra
t ion of measurement equipment , and by use of a proxy v a r i 
able as a substitute for the actual variable of interest. 

2. Near ly a l l sources of measurement error cause information 
bias. 

3. T h e magnitude of information bias can be large. 
4. Information bias can usually be handled only by m i n i m i z i n g 

measurement error or by making inferences about the mag
nitude and direct ion of bias. U n l i k e some of the other biases, 
it usually cannot be e l iminated by data analysis techniques. 

Hypothetical Example. Cons ider a case-control study of an occu
pational chemical exposure and lung cancer. Assume that i f a l l subjects were 
correctly classified into "exposure" and "disease" categories, an investigator 
w o u l d observe the fo l lowing data: 

Perfectly Classified 
Data (Truth) 

Exposure 
Category Case Control 

Exposed 200 200 
Unexposed 50 200 

The correct (true) odds ratio (OR) is 

_ 200 x 200 
O R = — — = 4.0. 

50 X 200 

In this hypothetical example, exposure to the chemica l mult ip l ies the risk of 
disease by a factor of 4. 

Assume also the fol lowing: 

1. D a t a on actual chemica l exposure are not available, so sub
jects are classified into exposure categories on the basis of 
their job titles. 

2. A s a result of this imperfect method of de te rmin ing exposure, 
5 0 % of exposed subjects are misclassified into the "unex
posed" group, and a l l unexposed are correct ly classified. 
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32 ENVIRONMENTAL EPIDEMIOLOGY 
Because of the foregoing assumptions, the investigator w o u l d observe 

the fo l lowing data: 

Misclassified Study Data 

Exposure 
Category Case Control 

Exposed 100 100 
Unexposed 150 300 

U s i n g the misclassified study data, the estimated O R is 

100 X 300 
O R = = 2.0 

150 X 100 

w h i c h is not equal to the true O R . Information bias makes it appear that 
exposure to the chemical mult ip l ies the risk of disease by a factor of 2 ( in
stead of the true factor of 4). 

Evaluating the Magnitude and Direction of Information Bias. 
To evaluate the magnitude and direct ion of information bias, the sources of 
measurement (or classification) error must be identi f ied. T h e magnitude of 
the bias depends on the magnitude of the error i n measuring (or classifying) 
variables. T h e greater the rate of error, the greater the bias. T h e direct ion 
of the bias depends on how the measurement (or classification) error is d is 
t r ibuted i n the data. (A discussion of these issues was presented b y C o p e l a n d 
et a l . (7), G r e e n l a n d (8), G r e e n l a n d and Robins (9), Poole (10), Dosemec i et 
al . (II) , and i n the letters in the August 15, 1991, issue of the American 
Journal of Epidemiology.) 

Confounding 
The most meaningful effect estimates one obtains from epidemiological data 
have two characteristics: (1) they direct ly compare the occurrence of disease 
i n two groups that have different levels of an exposure; (2) they isolate the 
effect of the exposure from other factors that might also inf luence the disease 
of interest—factors to be control led, not studied. F o r example, an invest i 
gator might want to estimate how the rate of disease increases as some oc
cupational exposure increases, adjusted for the effects of other exposures or 
personal characteristics that also affect the disease of interest. These c o m 
parison estimates usually take the form of ratios or differences of disease 
rates or risks (e.g., "relat ive r i sk " and "attr ibutable r i sk" measures). 

W h e n one computes these comparison estimates, a fundamental as
sumption is made: O n e assumes that disease occurrence among the unex
posed accurately predicts what w o u l d have happened i n the exposed group 
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4. M A L D O N A D O Interpreting Epidemiological Studies 33 

i f they had not been exposed. T h e central idea is this: O n e assumes that i n 
the absence of exposure, disease occurrence w o u l d be the same i n both 
groups (12, 13). 

If this assumption is incorrect , the observed comparison between ex
posure groups is confounded (i.e., confounding exists). That is , the estimate 
of effect reflects not only the effect of exposure but also the effects of other 
factors that influence disease occurrence (i.e., factors to be control led , not 
studied). T h e effect estimate w i l l be a biased measure of the impact of the 
exposure alone on disease occurrence. 

H o w can one te l l i f confounding is present? A n s w e r this question: W o u l d 
disease occurrence be the same in the two groups i f the exposure was ab
sent? If the answer is no, then confounding is present. To find the answer, 
we search for differences between exposure groups i n the distributions of 
extraneous risk factors for the disease (i .e. , r isk factors to be control led , not 
studied). W e search for confounders. 

Hypothetical Example. Cons ider a fixed-cohort study of the re la 
t ionship of nitroglycer in (an occupational chemical exposure) to death from 
myocardial infarction (MI) . 

L e t us assume the fol lowing: 

1. Regular exercise protects against M I death. 

2. O f the exposed subjects, 9 5 % exercise regularly, whereas only 
5 0 % of the unexposed subjects exercise regularly. 

In this hypothetical example, exercise confounds a s imple comparison 
of nitroglycerin-exposed versus -unexposed groups. I f n i troglycer in expo
sure had no effect on M I death, we should not expect the occurrence of M I 
deaths to be the same i n the exposed and unexposed groups. I n fact, we 
should expect that M I deaths w i l l occur less frequently among exposed sub
jects [because of assumptions (1) and (2)]. 

The fol lowing is a hypothetical data set w i t h exercisers and nonexercis-
ers combined : 

Exercisers and Nonexercisers Combined 

Exposure 
Category Deaths Nondeaths Total 

Exposed 
Unexposed 

1200 
1250 

208,800 
198,750 

210,000 
200,000 

T h e biased (confounded) relative risk (RR) is 

R R = 
1200/210,000 
1250/200,000 

= 0.9 
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34 ENVIRONMENTAL EPIDEMIOLOGY 
It appears that nitroglycer in exposure mult ip l ies the risk of M I death by a 
factor of 0.9. (i .e., n i troglycer in exposure is sl ightly protective of M I death). 
This estimate is biased because of the confounding effect of exercise. 

If we examine exercisers and nonexercisers separately (i .e. , i f we control 
for confounding by exercise), we can compute unconfounded estimates of 
effect: 

Exercisers 

Exposure 
Category Deaths Nondeaths Total 

Exposed 1000 199,000 200,000 
Unexposed 250 99,750 100,000 

1000/200,000 
250/100,000 

Nonexercisers 

Exposure 
Category Deaths Nondeaths Total 

Exposed 200 9800 10,000 
Unexposed 1000 99,000 100,000 

200/10,000 
1000/100,000 

The correct R R is 2.0 for both exercisers and nonexercisers. Exposure 
to ni troglycer in doubles the risk of M I death. T h e exposure is not protective 
of M I death as the confounded estimate w o u l d have l ed us to bel ieve. 

Control of Confounding. F o r confounding factors that have been 
measured, an investigator can use study design and data analysis techniques 
to e l iminate confounding. Study design techniques inc lude the fol lowing: 

1. randomly allocating subjects to exposure groups (experiment) 
(This strategy also helps control unmeasured confounders.) 

2. restrict ing the e l ig ib i l i ty of subjects according to values of the 
potential confounders 

3. matching i n a cohort study (i.e., selecting subjects so that ex
posed and unexposed groups have s imi lar distributions of po
tential confounding factors) 
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4. M A L D O N A D O Interpreting Epidemiological Studies 35 

D a t a analysis techniques inc lude the fol lowing: 

1. stratified analysis methods 
2. multivariate mode l ing techniques 

Judging the Magnitude and Direction of Confounding. To eval 
uate confounding due to unmeasured confounders, an investigator must first 
identify potential confounding factors that were not measured. A discussion 
of this issue was given by M i e t t i n e n and Cook (12), G r e e n l a n d and Robins 
(13), Rothman (I), and Kass and G r e e n l a n d (14). 

T h e magnitude of the bias depends on how strongly the confounder 
affects disease occurrence and on how strongly the confounder and the ex
posure are associated. T h e stronger the confounder-disease relationship and 
the stronger the exposure-eonfounder association, the greater the bias w i l l 
be. T h e direct ion of the bias depends on the directions of these associations. 
A more detai led discussion was given by F landers and K h o u r y (15). 

Selection Bias 
In a case-control study, bias due to the way i n w h i c h cases or controls are 
selected for study is cal led selection bias. 

A case-control study can y i e l d an unbiased estimate of the effect of ex
posure on disease occurrence i f the fol lowing two conditions are met (1, 4): 

1. The sample of cases gives an unbiased estimate of the expo
sure distr ibut ion among cases i n the source populat ion over 
the study per iod . 

2. The sample of controls gives an unbiased estimate of the ex
posure d istr ibut ion i n the populat ion at risk over the study 
per iod . 

If these two conditions are not met because of the way cases or controls 
are selected for study, selection bias may exist, and estimates of effect may 
be incorrect. 

Unfortunately, biased samples of cases and controls can occur for many 
reasons, w h i c h is w h y selection bias should be considered w h e n interpret ing 
epidemiological studies. F o r example, i f exposed cases refuse to participate 
more often than unexposed cases, the studied cases w i l l not provide an u n 
biased estimate of the exposure distr ibut ion among cases i n the populat ion 
d u r i n g the study per iod . F o r another example, i f a l l exposed cases are de
tected, but some unexposed cases are undetected, the cases studied w i l l not 
provide an unbiased estimate of the exposure d is tr ibut ion among cases i n 
the population d u r i n g the study per iod . F o r a f inal example, i f exposed con
trols refuse to participate more often than unexposed controls, the controls 
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studied w i l l not provide an unbiased estimate of the exposure d istr ibut ion 
among the populat ion at risk d u r i n g the study per iod . 

Hypothetical Example. Cons ider the fo l lowing hypothetical p o p u 
lation data for the relationship between a chemica l exposure and l u n g can
cer: 

Source Population (Truth) 

Exposure 
Category Case Noncase 

Exposed 400 9600 
Unexposed 600 14,400 

In this populat ion, O R is 

_ 400 X 14,400 , „ 
O R = = 1.0 

600 X 9600 

Exposure to the chemical is not a risk factor for l u n g cancer i n the source 
populat ion. 

Cons ider a case-control study of this populat ion. Assume that, u n k n o w n 
to the investigator, subjects were sampled into the study w i t h the fo l lowing 
selection probabil it ies : 

Probabilities of Being Selected 
into Study 

Exposure 
Category Case Noncase 

Exposed 0.4875 0.0146 
Unexposed 0.2583 0.0146 

H e r e are the data one w o u l d expect w i t h the foregoing selection prob 
abil it ies: 

Study Data 

Exposure 
Category Case Control 

Exposed 195 140 
Unexposed 155 210 

T h e exposed and unexposed controls have equal selection probabi l i t ies , 
and so controls w i l l give an unbiased estimate of the exposure d is tr ibut ion 
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4. M A L D O N A D O Interpreting Epidemiological Studies 37 

among the population at risk. In the populat ion, 9600/24,000 = 0.40 of the 
noncases were exposed to the chemical . F r o m the controls i n the case-con
tro l data, we w o u l d correctly estimate that 140/350 = 0.40 of the population 
at risk was exposed to the chemical . 

The exposed and unexposed cases have unequal selection probabi l i t ies , 
perhaps because unexposed cases refused to participate i n the study more 
often than exposed cases. Because of the unequal selection probabil i t ies , the 
cases i n the study will not give an unbiased estimate of the exposure d i s t r i 
but ion among cases in the population. I n the populat ion, 400/1000 = 0.40 
of the cases were exposed to the chemical . F r o m the cases i n the case-control 
study, we w o u l d incorrectly estimate that 195/300 = 0.56 of the cases i n the 
population were exposed to the chemical . 

The biased O R , 

195 X 210 

is not equal to the true O R (1.0) because of selection bias. Selection bias 
would lead us to conclude incorrect ly that chemica l exposure increases the 
risk of lung cancer. 

Controlling Selection Bias. I f we can identify (and measure) a factor 
that affects the chance of selection into the study, we can adjust for this factor 
i n the analysis and can remove selection bias. 

Evaluating the Magnitude and Direction of Selection Bias. 
M a k i n g inferences about the magnitude and direct ion of selection bias is 
difficult. F i r s t an investigator must identify reasons w h y the sample of cases 
or the sample of controls is b i a s e d — i n practice, this is exceedingly difficult 
to do. O n e can then perform an evaluation using sensitivity analysis (i .e. , a 
" W h a t i f ? " analysis based on how one thinks selection might be biased) [e.g., 
M a c l u r e and Hankinson (16)]. 

Summary 
Interpret ing the results of an epidemiological study is l ike shaping a rough 
d iamond into a f inished gem. T h e rough d iamond is l ike the potential ly 
biased estimates of effect one obtains from an observational epidemiological 
study. Because of the observational nature of most epidemiological studies, 
results are almost always biased to some degree. Shaping the d iamond is l ike 
making inferences about the magnitude and d irect ion of potential biases. 
T h e most important biases i n epidemiological studies are information bias, 
confounding, and selection bias. T h e f inished stone is l ike the combinat ion 
of estimates of effect and inferences about biases. 
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The principles of toxicology are utilized to (1) characterize the ad
verse effects of chemicals on living organisms, (2) define the condi
tions of exposure required to produce these pernicious effects, and 
(3) understand the mechanisms by which chemicals produce toxicity. 
Toxicologists conduct safety studies to determine the intrinsic toxic 
properties of chemicals and conduct pharmacokinetic studies to as
sess the biological disposition of chemicals. The most important tenet 
of toxicity testing is the dose-response relationship, because conclu
sions regarding causality between chemical exposure and the ensuing 
adverse reaction are based on it. Toxicologists obtain essential infor
mation from safety and pharmacokinetic studies to assess the risks 
associated with chemical exposure and, in this manner, protect hu
man health from hazardous materials found in the environment, the 
workplace, and the home. 

Introduction to Toxicology 
Toxicology is the study of the adverse effects of chemicals on l i v i n g organ
isms. T h e toxicologist is an ind iv idua l trained to examine the nature of these 
adverse effects and to determine the probabi l i ty of the ir occurrence. Since 
the 1970s, several academic institutions have offered special ized tra in ing i n 
this f ie ld , awarding both undergraduate and graduate degrees i n toxicology. 
I n contrast to this recent t rend of special ized didactic tra ining , many prac
t i c ing toxicologists w i t h graduate degrees i n physical and life sciences have 
acquired a work ing understanding of toxicology by apply ing these sciences 
to toxicology-related issues i n industry, academia, and government. 
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40 ENVIRONMENTAL EPIDEMIOLOGY 
Different Areas of Toxicology. Toxicologists apply their skills to 

three major fields of inqu i ry : descript ive, mechanistic , and regulatory tox i 
cology. Descr ipt ive toxicology is a process whereby the deleterious effects 
of chemicals are characterized by us ing laboratory animals and various i n 
vitro techniques. T h e purpose of these studies is to define the hazards that 
occur d u r i n g c i rcumscr ibed exposure conditions. I n the pharmaceutical i n 
dustry, one of the goals of the descriptive toxicologist is to determine the no 
observed adverse effect l eve l ( N O A E L ) of a d r u g candidate i n order to set 
safe dose levels for f irst-t ime exposure i n humans. In the chemical industry, 
the toxicologist is concerned not only about h u m a n health hazards posed by 
company products but also about the potential deleterious effects these 
chemicals may have on the environment and its inhabitants. I n mechanistic 
toxicology, the mechanisms by w h i c h chemicals exert their toxic effects are 
determined i n the laboratory. Learnings from this area of study frequently 
lead to the development of more efficient safety tests for the predic t ion of 
h u m a n health hazards, the establishment of s tructure-act iv i ty relationships 
for the design of molecules w i t h i m p r o v e d safety profiles, the identif ication 
of antidotes to treat poisonings, and a clearer understanding of h u m a n phys
iology and disease processes. Regulatory toxicology is an activity conducted 
by governmental agencies whereby the hazards posed by industr ia l c h e m i 
cals or pharmaceuticals are assessed, and judgments are made about 
whether the product can be ut i l i zed i n the manner indicated b y the spon
soring company. Regulatory toxicologists base their hazard assessments on 
data prov ided by the descriptive toxicologist employed by the company that 
is pet i t ioning the governmental agency for market ing approval . 

Toxicity versus Hazard. T h e pr inc ip le activity of descriptive and 
regulatory toxicologists is the assessment of the hazards or risks associated 
w i t h the use of chemicals and not the intr insic toxic activity of chemicals per 
se. H a z a r d is the situation i n w h i c h an undesirable response results from a 
specified l eve l of exposure. F o r example, tetrodotoxin is an extremely toxic 
substance and is present i n the l iver of puffer f ish, whose f lesh is considered 
a delicacy i n Japan. A l though a single dose of tetrodotoxin as l ow as 
0.1 mg /kg is lethal to laboratory animals, this substance is not a major h u m a n 
health hazard, because the fish are prepared by experienced food handlers 
who are careful not to contaminate the f lesh w i t h l iver. B y comparison, 
ethanol is not as intr insical ly toxic as tetrodotoxin. A lethal dose of ethanol 
is approximately 100,000 t imes greater than that of tetrodotoxin. Desp i te 
the fact that ethanol is tremendously less toxic than tetrodotoxin, one cou ld 
convincingly argue that ethanol is more hazardous, i n v i ew of the n u m b e r 
of alcohol-related deaths on our nation s highways each year. B o t h intr ins ic 
toxicity and exposure conditions (i .e. , route, durat ion , frequency and prob 
abil i ty of exposure, and dose) determine whether a substance w i l l be haz
ardous. 
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Local versus Systemic Effects. Toxic reactions may result from a 
direct local action or from the absorption of the toxicant into systemic c i r 
culation and its subsequent d is tr ibut ion into various tissues. L o c a l effects 
refer to those that occur at the site of first contact between the toxicant and 
the organism. M o s t substances, except for h igh ly reactive ones, such as very 
caustic or i rr i tat ing substances, require systemic absorption and tissue dis 
tr ibut ion to produce their toxic effects. These categories are not mutual ly 
exclusive, because some substances demonstrate both local and systemic ef
fects. F o r instance, tetraethyl lead damages skin on contact and after sys
temic absorption causes central nervous system intoxication manifested b y 
restlessness, headaches, loss of memory, and convulsions. 

Spectrum of Undesired Effects. T h e spectrum of undes i red effects 
produced by systemieally active toxicants is w ide . Toxicities r u n the gamut 
from relatively benign or bothersome to incapacitating and l i fe-threatening. 
D r u g s , for instance, often produce a wide array of subtle changes i n bod i ly 
functions, although the prescr ib ing physic ian often seeks to produce a single 
effect. Results not d irected toward the in tended therapeutic objective are 
considered undesirable effects, or side effects, of the drug for a part icular 
disease condit ion. These untoward effects are usually not of major concern; 
i n fact, an undesirable effect for one therapeutic indicat ion may be desirable 
for another c l in ica l situation. F o r example, atropine causes dryness of the 
mouth , w h i c h is considered a side effect w h e n the d r u g is prescr ibed for the 
treatment of peptic ulcers but is the des ired response w h e n it is g iven as a 
preanesthetic medication. 

M o r e serious toxic reactions that result from systemic exposure can be 
characterized by the onset of toxicity fo l lowing exposure, by whether the 
deleterious changes are permanent or temporary, by a genetically regulated 
abnormal reactivity of the exposed organism to the toxic agent, and by 
whether the adverse reaction results from an i m m u n e response. 

Immediate versus Delayed Toxicity. Immediate toxic reactions 
are those that develop w i t h i n hours or days fo l lowing chemical exposure, 
whereas delayed effects become apparent weeks or even years after the ex
posure incident . C a r b o n tetrachlor ide- induced hepatotoxicity is an example 
of immediate toxicity, because marked changes i n the b iochemistry and 
structure of rat l iver are observed several hours after injection of toxic doses. 
I n contrast, tumors often appear 20 years or more after exposure to a carc in 
ogen. F o r instance, there are numerous cases i n w h i c h young w o m e n have 
developed vaginal and uterine tumors as the result of i n utero exposure to 
diethylst i lbestrol w h e n this d r u g was prescr ibed to their mothers to prevent 
miscarriages. 

Reversible versus Irreversible Toxic Effects. Damage to tissues 
caused by chemical exposure can be e i ther reversible or i rrevers ib le . T h e 
severity of chemical ly mediated tissue damage and the type of tissue i n 
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42 ENVIRONMENTAL EPIDEMIOLOGY 
w h i c h in jury occurs are important factors that dictate whether toxic effects 
w i l l be temporary or become permanent . F o r example, l i ver has a remark
able capacity to regenerate after chemica l insult . Consequently , the cyto
toxic effects of many hepatotoxicants are complete ly reversible . C h e m i c a l l y 
mediated damage to the central nervous system, however, is largely i r r e 
versible because ful ly differentiated neural tissue has relat ively l i t t le abi l i ty 
to self-repair. 

Idiosyncratic Reactions. " Idiosyncrasy" is def ined as a genetically 
control led, unexpected reaction to a chemical agent. T h e response that fo l 
lows exposure is qualitatively s imilar to that observed i n most indiv iduals , 
but the intensity of the response is considerably greater or less than ex
pected. Idiosyncrasy can be i l lustrated by the unantic ipated protracted d u 
ration of apnea (i.e., cessation of breathing) that is observed i n 1 i n 2500 
patients who receive a standard dose of the skeletal muscle relaxant, succ i -
nylchol ine . In most people , succinylchol ine produces transient apnea be 
cause of its rap id degradation and inactivation by plasma cholinesterase. P a 
tients who exhibit this idiosyncratic reaction have an atypical form of plasma 
cholinesterase that has a reduced abi l i ty to metabolize the d r u g and thereby 
to neutralize its activity. T h e famil ia l occurrence of this phenomenon sug
gests that hypersusceptibi l i ty to succinylchol ine is under genetic control . 

Allergic or Sensitization Reactions. C h e m i c a l allergic reactions are 
immunological ly mediated and require a previous per i od of exposure (i .e. , 
sensitization) to the chemical or to a structural ly s imi lar one. O n e of the 
hallmarks of chemical allergies is a heightened sensitivity to chemical intox
ication i n preexposed indiv iduals . A populat ion is composed of " n a i v e " peo
ple (i .e. , nonexposed individuals) as w e l l as people who have had various 
degrees of pr ior contact w i t h the chemical . Consequently , there is marked 
person-to-person variation w i t h respect to the susceptibi l ity to al lergic 
chemicals. Therefore, it is not surpr is ing that population-based, dose - re 
sponse relationships are often not readi ly apparent. T h e apparent lack of a 
dose-response relationship suggests that allergic reactions are not true toxic 
responses. However , a dose-response relationship can be demonstrated i n 
a single allergic ind iv idua l , and the allergic responses are often severe and 
occasionally l i fe-threatening. Therefore, al lergic reactions should be re 
garded as a genuine toxic response. 

Systemic Effects. I n descriptive toxicity studies, chemicals are ad 
ministered v ia routes and dose forms that maximize systemic absorption. 
T h e goal of these studies is to characterize fully a compound s abi l i ty to pro 
duce b iochemical , structural , and functional changes i n various target or 
gans, such as l iver , kidney, lung , bone marrow, and bra in . C o m p o u n d s are 
also tested as to the ir abi l i ty to (1) interact w i t h D N A and alter the process 
of heredi ty (i .e. , mutagenesis), (2) produce tumors (i .e. , carcinogenesis,), (3) 
reduce the fert i l i ty o f male and female animals (i .e. , reproduct ive toxicity), 
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and (4) cause malformation and dysfunction of offspring (i .e. , developmental 
toxicity). 

The Dose-Response Relationship. To establish that the adminis 
tration of a chemical is causally related to signs of intoxication, the toxicolo-
gist must demonstrate a dose-response relationship. This relationship is 
based on the reasonable presumpt ion that the toxic response is a result of 
the administered chemical and the assumption that the intensity of this re 
sponse is related proport ional ly to the dose. T h e assumption is based on 
three others: F i r s t , there is a molecular site w i t h i n the organism w i t h w h i c h 
the chemical interacts to produce the response; second, the intensity of the 
response is related to the concentration of the chemical at that site; and 
t h i r d , the concentration at the site is related to the dose. Dose-response 
curves can be either "graded" or "quanta l " . T h e dose describes the increas
ing intensity of a response of an ind iv idua l (or a population) over a range of 
increasing dosages, whereas the response illustrates the d is tr ibut ion of m i n 
i m a l doses that produce a given "a l l -or -none" response (e.g., presence of a 
tumor) i n a population of biological subjects. 

Organizations That Conduct Toxicity Studies. T h e pharmaceut i 
cal industry is responsible for conduct ing descriptive animal toxicity studies 
that determine w h i c h organs are the potential targets of toxicity d u r i n g drug 
therapy as w e l l as the drug s mutagenic, carcinogenic, and teratogenic prop 
erties. The F o o d and D r u g Adminis t rat ion ( F D A ) is responsible for rev iew
ing animal toxicology reports submitted by the sponsoring drug company 
and for judg ing whether the potential benefits of the d r u g outweigh its ac
companying hazards. I f a favorable risk-to-benefit paradigm is conc luded, 
the drug candidate is approved for in i t ia l c l in ica l trials that establish safety 
and tolerance i n humans. The E n v i r o n m e n t a l Protect ion Agency (EPA) re 
quires the chemical industry to conduct extensive descript ive toxicity testing 
of pesticides and industr ia l chemicals. T h e result ing data are used by the 
E P A to assess the possible negative impact a chemical may have on the e n 
vironment and to determine whether remedia l activities against the m a n u 
facturer should be init iated. 

Pharmacokinetics and Toxicity Studies 
Two fundamental types of studies, broadly referred to as pharmacokinet ic 
and toxicity studies, are conducted to understand the interaction between 
chemicals and l i v i n g organisms. Pharmacokinet ic studies determine the 
body's effects on the chemical , whereas toxicity studies determine the effects 
of the chemical on the body. 

Pharmacokinetic Studies. Str ict ly speaking, manifestations of sys
temic intoxication do not depend direct ly on the administered dose of a tox
icant but rather on the concentration of the chemical (and its metabolites) i n 
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44 ENVIRONMENTAL EPIDEMIOLOGY 
target organs. T h e concentration of the active chemical species i n target or 
gans is regulated by four biological processes: absorption, d is tr ibut ion , me 
tabolism, and e l iminat ion . 

Absorption. T h e process by w h i c h chemicals cross biological m e m 
branes and enter b lood is cal led absorption. T h e gastrointestinal tract, lungs, 
and skin provide pathways for chemicals to enter systemic c irculat ion. B o t h 
the rate and the extent w i t h w h i c h toxicants enter b lood markedly inf luence 
the severity and type of result ing lesion. Injection of chemicals into veins or 
the peritoneal cavity (for rodents only) are addit ional routes of exposure that 
are employed i n the laboratory to evaluate the ir pharmacokinetic and toxi -
cological properties. 

T h e gastrointestinal tract is an important site of absorption through 
w h i c h foreign chemicals gain access to systemic c irculat ion. F o r example, 
many environmental pollutants enter the food chain and are ingested along 
w i t h food products. This route of exposure is also encountered frequently i n 
suicide attempts invo lv ing overdoses of drugs and is the most common route 
i n w h i c h ch i ldren are poisoned by household chemicals. 

Absorpt ion after oral ingestion is in f luenced by physicochemical prop 
erties of the chemical . Factors that favor absorption inc lude h igh l ip id - t o -
water part i t ion coefficient, low degree of ionization at various p H levels 
along the gastrointestinal tract, l ow molecular weight and rap id dissolution 
rate for sol id materials. Properties of the exposed ind iv idua l , such as gastric 
empty ing t ime , intestinal moti l ity, splanchnic b lood flow, b i l e secretion, and 
b i n d i n g to gastrointestinal mucus, as w e l l as interactions between chemicals 
and foods also have a significant inf luence on the absorption of foreign sub
stances that are ingested unintentionally. 

Distribution. F o l l o w i n g absorption, most xenobiotics are carr ied b y 
blood i n a nonuni form manner throughout the body. W h e t h e r a chemical 
remains i n systemic c irculat ion, diffuses into extracellular f l u i d , or enters 
and is stored i n various tissue compartments, such as adipose tissue and 
bone, depends on its physicochemical properties (i .e. , l ipophi l i c i ty , degree 
of ionization at plasma p H , molecular size, and permeabi l i ty through plasma 
and tissue membranes) as w e l l as biological considerations, such as b i n d i n g 
to plasma proteins and cel lular constituents. O f part icular interest to the 
toxicologist is the propensity of some toxicants to accumulate i n specific t is 
sues i n the body. These storage depots often are the target organs of toxicity; 
for example, paraquat is a pu lmonary toxicant that accumulates i n lung . C o n 
versely, some toxicants accumulate i n storage depots that are not target 
tissues; sequestration i n these tissues can be considered a protective m e c h 
anism. F o r example, environmental contaminants such as lead and 1,1,1-
trichloro -2,2 -bis(p-chlorophenyl)ethane ( D D T ) distr ibute and concentrate i n 
bone and body fat, respectively. These compounds have no toxicological i m -
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pact on their respective storage sites and once sequestered are not available 
to affect their target organ, the central nervous system. 

Metabolism. M o s t chemicals undergo enzymatical ly catalyzed b io 
transformations that produce metabolites that are more polar and water-sol 
uble Than the parent compound. Increasing the water-soluble properties of 
a compound enhances its e l iminat ion from the body and thereby lowers the 
body b u r d e n of the material . Biotransformation reactions can convert a toxic 
chemical to an innocuous metabolite or to a metabolite that has s imilar or 
greater toxicologic activity than the parent compound. T h e l iver is the p r i n 
c ipal site of xenobiotic metabol ism, although biotransformation also occurs 
i n kidney, intestinal ep i the l ium, lung , b lood, and i n the l u m e n of the gut by 
the action of intestinal f lora. 

Biotransformation reactions are classified as Phase I and Phase II reac
tions. Phase I reactions usually convert the parent compound to more polar 
metabolites and involve three types of chemica l reactions: (1) oxidation (e.g., 
hydroxylat ion, side-chain aliphatic oxidation, deamination, sulfoxide forma
t ion , dealkylation of O , N, and S substitutions, and the dehydrogenation of 
alcohols and aldehydes), (2) reduct ion (e.g., azo, n i tro , ketone, and alde
hyde), and (3) the hydrolysis of esters and amides. 

Phase II reactions are conjugation or synthetic reactions. O n e of the 
most common conjugation reactions is catalyzed by ur id ine d iphosphoglu-
curonosyltransferase and results i n the formation of g lucuronic ac id der iva 
tives. Various chemical moieties are susceptible to g lucuronidat ion, such as 
aliphatic and aromatic amines as w e l l as hydroxy l , carboxyl , and sul fhydryl 
groups. O t h e r conjugation reactions inc lude the acetylation of pr imary 
amines; conjugation w i t h sulphate, g lycine, and glutathione; and methy la -
t ion of O, N, and S atoms i n the parent molecule . 

Phase I and Phase II reactions usually result i n the formation of metab
olites that are more readily excreted i n the ur ine . Some Phase II reactions, 
such as conjugation w i th glucuronic acid or glutathione, frequently shift the 
route of excretion from ur ine to feces, as descr ibed further on i n greater 
detai l . 

Elimination. Parent compound and its metabolites are e l iminated from 
the body v ia ur ine and feces and, to a lesser extent, by way of respiration 
and secretory substances (i .e. , m i lk , sweat, saliva, and tears). Excre tory or 
gans typical ly e l iminate polar or water-soluble compounds more prof ic iently 
than they do l ipophi l i c compounds. Thus , xenobiotic metabol ism frequently 
enhances the e l iminat ion of chemicals and so can be considered a detoxif i 
cation process. 

K idney , the pr imary organ for chemical e l iminat ion , receives 2 5 % of the 
cardiac output, w h i c h allows large volumes of plasma water to be filtered. 
Several factors favor glomerular filtration of chemicals , such as low molecular 
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weight ; h i g h concentration gradient between plasma water and filtrate; and 
l i m i t e d plasma prote in b i n d i n g , because only u n b o u n d chemical can be fil
tered. Once chemicals are present i n tubular filtrate, the extent of ionizat ion 
influences renal excretion, because polar compounds and ions are not reab
sorbed i n prox imal or distal tubules. N o n i o n i z e d compounds having h i g h 
l ipid-to-water part i t ion coefficients are passively reabsorbed through tubular 
ce l l membranes. Weak acids are nonionized i n acidic ur ine , w h i c h promotes 
recyc l ing and prolongs e l iminat ion . Conversely , alkal inization of ur ine ac
celerates the excretion of weak acids. Biotransformation reactions frequently 
result i n the formation of stronger acids that readi ly ionize i n acidic ur ine . 
This effect reduces tubular reabsorption, facilitates ur inary excretion, and 
often decreases a toxicants durat ion of activity. 

Energy-dependent , saturable transport of organic acids and bases from 
afferent b lood into tubular ur ine occurs by way of prox imal tubular cells and 
is more effective than filtration as a means to e l iminate compounds. T h e fact 
that only 2 0 % of afferent b lood that flows to the k idney is f i l tered, whereas 
the remain ing 8 0 % is de l ivered to tubular cells, partial ly accounts for the 
effectiveness of secretion. Revers ib le b i n d i n g of chemicals to plasma pro 
teins does not significantly affect prox imal tubule secretion, because free and 
bound chemicals are available for transport. Th is occurs because b o u n d 
chemical dissociates rapidly to maintain e q u i l i b r i u m w i t h plasma water as 
free chemical is removed from tubular cells. 

Chemica ls can also be excreted by hepatocytes across canalicular m e m 
branes into the b i l iary tract and pass into intestine. Low-molecular -weight 
molecules are poorly excreted into b i l e , whereas compounds w i t h molecular 
weights of 350 daltons or more are excreted into b i l e i n appreciable q u a n 
tities. T h e synthetic nature of Phase II reactions results i n metabolites w i t h 
higher molecular weights than those of the parent chemical . Thus , the p r o d 
ucts of conjugation reactions that use glutathione and glucuronic acid as l i -
gands are typical ly excreted into b i le . Once i n the intestine, the chemica l 
and its metabolite can be e l iminated i n the feces. Alternat ively , i f the prop 
erties of the compound favor intest inal absorption (i.e., l ow degree of i o n i 
zation, h igh l ipid-to-water part i t ion coefficient of the nonionized form, and 
small molecular radius of the water-soluble substance); a cycle referred to as 
"enterohepatic c i r cu lat ion" may result , i n w h i c h b i l iary secretion and intes
t inal reabsorption continue u n t i l biotransformation and ur inary excretion 
eliminates the compound from the body. G l u c u r o n i d e conjugates are sus
ceptible to hydrolyt ic reactions conducted by gut flora. These reactions form 
products that have physicochemical properties favorable to intestinal reab
sorption. Sometimes a chemicals l ong persistence i n the body is largely the 
result of enterohepatic c irculat ion, as is the case w i t h cardiac glycosides. I n 
contrast, b i l iary excretion serves as an efficient route of e l iminat ion for cer
tain organic acids and bases (e.g., tetracyclines and streptomycin) that can
not be reabsorbed i n the intestine, owing to ionization at intestinal p H . 
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Toxicology Studies. Hazard Evaluation Goals. T h e purpose of de 
scriptive toxicity studies, regardless of the intended use of the test mater ia l , 
is to determine the adverse effects produced by chemicals and the dose 
needed to produce these effects. Ul t imate ly , this v i ta l information is used 
by the toxicologist to make hazard assessments to protect humans against 
the detr imental effects of chemicals. 

Principles of Toxicity Testing. Descr ip t ive toxicity testing is founded 
on two main principles that support its use i n chemical hazard assessment. 
T h e first pr inc ip le is that the toxic effects produced by a compound i n lab
oratory animals, w h e n proper ly qual i f ied, are applicable to humans. This 
tenet is not un ique to toxicology and applies to a l l other life sciences. F u r 
thermore , it has been ver i f ied numerous times for a wide variety of c h e m i 
cals. F o r example, nearly a l l h u m a n carcinogens are also carcinogenic i n at 
least one species used i n toxicity studies. 

T h e second pr inc ip le is that exposure of exper imental animals to h i g h 
doses of toxic agents is necessary and a va l id method of discovering possible 
hazards to h u m a n health. This axiom is founded on the quantal dose - re 
sponse concept that the occurrence of a toxic response i n a populat ion i n 
creases as the dose and duration of exposure increases. Pract ical l imitations 
i n the design of toxicological studies dictate that a smal l n u m b e r of animals 
w i l l be exposed to the chemical compared w i t h the size of the human pop 
ulat ion potential ly at risk. Consequently , relatively large doses of chemicals 
are necessary to increase the frequency w i t h w h i c h treatment effects occur 
i n smal l groups of animals. F o r example, suppose the inc idence rate of a 
particular chemical to produce a tumor i n humans was as l ow as 0 .01%. This 
incidence rate represents 24,000 people i n a populat ion of 240 m i l l i o n peo
ple . A toxicological study w o u l d have to use a m i n i m u m of 30,000 animals 
i n order to detect a tumor i n three animals! It is not feasible to use exceed
ingly large numbers of animals to assess the toxic properties of chemicals. 
T h e only available option is to collect toxicity data from smal l groups of a n 
imals exposed to large doses of chemicals and to use the pr inc iples of tox i 
cology and pharmacokinetics to extrapolate the exper imental findings to h u 
mans. I n this manner, toxicologists can assess h u m a n health hazards that 
result from low-dose exposures to environmental pollutants and other c h e m 
icals found i n the workplace and home. 

Toxicity Studies. Test species, n u m b e r of animals, durat ion of chemica l 
exposure, dose leve l , and the measured parameters of toxicity are the fun
damental variables that constitute a l l descriptive toxicological studies. 

Animals. M o s t often, the selection of species i n toxicity studies u l t i 
mately depends on the regulatory agency that w i l l rev iew the data. R e g u 
latory bodies, i n t u r n , set species requirements based on many years of as-
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sessing safety data submitted b y industry as w e l l as the advice from 
recognized authorities i n the field of chemical hazard assessment. T h e most 
important cr i ter ion for species selection is that the spectrum of toxicities 
observed i n humans be reproducib le i n the test species. Th is is recognized 
retrospectively for a plethora of compounds that entered the market or e n 
v i ronment before the advent of rigorous toxicity testing. These toxicities 
preferably are e l i c i ted at dosages equivalent to, or lower than, those e n 
countered by humans and expressed after relatively short durations of ex
posure. 

T h e E P A usually requires rats and mice to be used as test species i n 
studies that characterize the toxic effects of pesticides and other toxic sub
stances that may cause occupational in jury or contaminate the environment . 
Exceptions to this rule occur w h e n a specific adverse effect seen i n humans 
is not easily reproduced i n rodents. F o r instance, some organophosphorus 
compounds, such as tr iorthoscresyl phosphate, produce a neurotoxic effect 
i n humans manifested by a " d y i n g back" of the distal ends of long, large-
diameter, per iphera l nerves. T h e ch icken is h ighly sensitive to this lesion 
and is used routinely to determine whether a n e w pesticide has this toxico
logical property. 

T h e F D A typical ly requires a rodent and a nonrodent species for the 
assessment of d r u g safety i n subchronic and chronic studies that determine 
w h i c h organs are affected by high-dose d r u g treatment. T h e rat is the rodent 
species used most often, whereas the nonrodent species is either the beagle 
dog or the cynomolgus monkey. Acute toxicity tests (i .e. , single-dose a d m i n 
istration) evaluate the possible consequences of d rug overdose and employ 
three test species, usually the mouse, rat, and rabbit . Rats and rabbits are 
used to evaluate the effects of chemicals on male and female fecundity as 
w e l l as fetal development. M i c e and rats are used to determine whether a 
compound produces tumors (i .e. , carcinogenicity study) w h e n administered 
throughout an animals entire life span (e.g., 1.5-2 years for mice ; 2 -2 .5 
years for rats). In addit ion, most studies that evaluate the systemic toxicity 
of chemicals contain both male and female animals. 

Numbers of Animals. T h e n u m b e r of animals employed i n regulated 
toxicity studies that support the market ing approval of a drug , food addit ive , 
or agricultural chemical is def ined by the regulatory agency that has j u r i s 
d ic t ion over the indicated usage of the chemical . T h e m i n i m u m n u m b e r can 
be as l ow as a single animal as i n the case w i t h acute toxicity tests that e m 
ploy dogs as the test species. F o r example, the lethal dose i n dogs is ap
proximated b y increasing the dose given to the same animal each day u n t i l 
serious side effects of the d r u g are observed. T h e dog is moni tored for signs 
of recovery, removed from the study, and re turned to the dog colony. W h e n 
rodents are used i n acute toxicity tests, as many as 10 animals per sex are 
assigned to a dose leve l . 
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I n subacute studies, the test material is usually administered for 14 
days. These studies provide an in i t ia l identif ication of target organs and are 
used to set dose levels for subchronic studies, that is, studies of 1 and 3 
months i n duration. Subacute studies usually are not regulated, because 
they are not used direct ly for h u m a n hazard assessment. Accordingly , the 
descriptive toxicologist and not a governmental guidel ine selects the n u m 
ber of rats and dogs to be used i n subacute testing. Frequent ly , sample sizes 
for rats and dogs are 5-10 per sex and 2 -4 per sex, respectively. In contrast, 
repeat-dose, target organ studies submitted to regulatory bodies (i .e. , sub-
chronic and chronic studies) are requ i red to have 10-25 rodents per sex per 
dose leve l and 3-6 dogs or monkeys per sex per dose leve l . 

I n carcinogenicity studies, as many as 50 -75 rodents per sex per dose 
leve l are placed on diets that contain the test substance. Study designs i n 
c lude at least three treatment groups on diets that have increasing concen
trations of test material and often cal l for two groups to be placed on control 
diets. Thus , these l i fetime studies frequently beg in w i t h 500 or more ro 
dents. Large numbers of animals are needed to discr iminate between treat
ment-related increases i n tumor incidence and those that occur sponta
neously i n senescent animals. Accordingly , regulatory agencies may request 
that a m i n i m u m of 30 animals per sex per dose l eve l survive to the e n d of 
the study. F o r reasons that remain obscure, the 24-month survival rate of 
naive rats employed i n toxicity studies has decreased somewhat over the 
years. Consequently , large numbers of animals are placed on study to ensure 
that the 30-animal requirement is met. 

Route of Administration and Dose Levels. T h e route of administrat ion 
employed i n toxicity studies is the same as that expected for h u m a n exposure 
and is often oral . O r a l administrat ion is achieved by direct placement of the 
test material i n the stomach (i.e., oral gavage) or by mix ing the compound 
into the diet , w h i c h is then fed to the animal . Toxicity studies employ a 
m i n i m u m of three dose levels and a single control group. Ideally, the h igh 
dose should clearly demonstrate some form of a noxious response. T h e l ow
est dose leve l should identify the dose that produces no observable adverse 
effects ( N O A E L ) , whereas the mid-dose l eve l is in c luded to establish a 
dose-response relationship and determine the lowest dose that produces 
adverse effects ( L O A E L ) . 

Parameters of Toxicity. T h e parameters recorded i n subacute and sub-
chronic studies inc lude c l in ica l observations (i .e. , body weight gain, food 
consumption, physical appearance, c l in ical behavior, cardiovascular and res
piratory distress, loose stools, and macroscopic appearance of the eyes), c l i n 
ical chemistry (i.e., serum levels or activities of sod ium, potassium, ca l c ium, 
chlor ide , glucose, b lood urea nitrogen, creatinine, b i l i r u b i n , alanine a m i -
notransaminase, aspartate aminotransaminase, sorbitol dehydrogenase, a l -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

5

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



50 ENVIRONMENTAL EPIDEMIOLOGY 
fcaline phosphatase, 7-glutamyl transpeptidase, tr iglycerides, a l b u m i n , and 
total protein), hematology (i .e., assessment of b lood for hemoglob in , h e m a 
tocrit , r e d b lood ce l l count, whi te b lood ce l l count and their subtypes, p late 
let count, and c lott ing time), urinalysis (i .e. , examination of ur ine for color, 
vo lume, specific gravity, p H , b lood , glucose, ketones, prote in , b i l i r u b i n , 
and urobi l inogen and the presence of crystals, casts, ep i the l ia l cel ls , r e d 
b lood cel ls , whi te b lood cel ls , and microorganisms), gross and l ight mi c ro 
scopic appearance of a l l major tissues (i .e. , b ra in , heart, l iver , k idney, 
spleen, testes, prostate, ep id idymus , seminal vesicles, ovaries, uterus, thy 
ro id , parathyroid , adrenals, thymus , eyes, lungs, l y m p h nodes, m a m m a r y 
glands, spinal cord , sciatic nerve , p i tu i tary g land, pancreas, bone, bone mar 
row, sk in , skeletal muscle , and various portions of the ur inary and gastroin
testinal tracts), and the weight of the first 15 aforementioned tissues. 

Chronic and Lifetime Carcinogenicity Studies. C h r o n i c studies a n d 
l i fet ime carcinogenicity studies are used to assess adverse reactions that re 
qu i re protracted exposure t imes. T h e study design and objectives of the 
chronic study are s imilar to those of the subchronic study. T h e durat ion of 
the chronic studies depends o n the length of h u m a n exposure envis ioned for 
the test material as w e l l as the test species. F o r example, a 6 -month chronic 
study is appropriate to assess the chronic target organ toxicity of an a n t i m i 
crobial agent having an anticipated c l in ica l treatment reg imen of 10 days i n 
durat ion. I n general , the per i od of exposure i n chronic rodent studies is 
between 6 and 12 months. Dogs and monkeys typical ly receive test materials 
for 1 year. However , m u c h longer exposures are occasionally employed , as 
was the case w i t h oral contraceptives that were administered to monkeys for 
several years. C h r o n i c studies frequently incorporate recovery groups that 
are moni tored for several months or more after the cessation of c ompound 
administration to determine whether the toxicities noted d u r i n g treatment 
are reversible . 

T h e l i fet ime carcinogenicity study is col loquial ly referred to as a "bioas-
say" and is u t i l i zed to determine whether a compound has the abi l i ty to 
produce tumors. Dose selection is cr i t ical for carcinogenicity studies, be 
cause marked chronic intoxication, morbidity , and mortal i ty w i l l reduce the 
n u m b e r of animals that survive to the t e r m of the study, w h i c h has a serious 
impact on the acceptability o f the study b y foreign and domestic regulatory 
agencies. Thus , a m a x i m u m tolerated dose ( M T D ) is used as the highest dose 
l eve l i n carcinogenicity studies, and fractions thereof are used as m i d - and 
low-dose levels (e.g., one-half and one-quarter of the M T D ) . T h e M T D is 
frequently def ined i n the pharmaceutical industry as a dose that suppresses 
body weight gain by a m a x i m u m of 10% and is often ident i f ied i n the 
3-month subchronic study. A strong commitment to b r ing ing a product to 
market is made w h e n a pharmaceutical , food, or agricultural chemica l c o m 
pany decides to conduct carcinogenicity studies, because they are an imal - , 
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test material - , t ime- , and labor-intensive and are by far the most expensive 
toxicity tests to conduct. T h e current cost of conduct ing carcinogenicity 
studies i n rats and mice is approximately $ 2 m i l l i o n . 

Summary 
In summary, the principles of toxicology are employed to design sensitive 
and predict ive animal safety studies w i t h the ult imate goal of extrapolating 
the data to human and environmental chemica l exposure situations. I n this 
manner, the hazards that chemicals pose to the health of humans and the 
we l l -be ing of the environment can be assessed and, more important , 
averted. 

RECEIVED for rev iew September 3, 1992. ACCEPTED revised manuscript 
February 11, 1993. 
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6 
Toxicology and Risk Assessment 

Arthur L. Craigmill 1, Scott Wetzlich 1, and William M. Draper 2 

1 Environmental Toxicology Extension, University of California, Davis, CA 95616 
2Hazardous Materials Laboratory, California Department of Health Services, 
2151 Berkeley Way, Berkeley, CA 94704 

Toxicology and epidemiology are inextricably linked in recognizing 
and regulating chemical hazards. Although epidemiological studies 
are widely appreciated as the "gold standard" in human health risk 
assessment, for ethical reasons it is often impossible or unacceptable 
to base risk management decisions on human epidemiological data 
alone. The toxicological sciences identify potential hazards to human 
health by using experimental animal models, which act as surrogates 
to humans. This review provides an overview of toxicological risk 
assessment and its four principal components: hazard identification, 
dose-response assessment, exposure assessment, and risk character
ization. The contrast between risk characterization for threshold tox
icants and that for nonthreshold toxicants, a major distinction in 
regulatory toxicology, is considered. Reliance on new and more so
phisticated scientific tools at each stage of risk assessment continues 
to strengthen the scientific basis of the process. 

THE POPULARITY OF RISK ASSESSMENT was predic ted b y John F r a w l e y i n 
the summer of 1980 w h e n he said that risk assessment w o u l d become "the 
fad of the eighties" (I). T h e popularity of r isk assessment was der ived from 
its abi l i ty to provide answers to questions about chemical exposure. F r a w -
ley's predict ion was accurate, except that his statement seems to be true of 
the 1990s as w e l l . Consistent w i t h this endur ing interest, numerous excel 
lent review articles and volumes have been wr i t ten over the past 15 years, 
and a short l ist of recent examples is prov ided (2-8). 

Toxicology and epidemiology are inextricably l i n k e d i n recognizing and 
regulating chemical hazards. Epidemiologists often consider toxicological i n 
formation i n formulating hypotheses, w h i c h are then tested by observation 
i n h u m a n populations. In addit ion, animal toxicological studies may com-

0065-2393/94/0241-0053$08.00/0 
© 1994 American Chemical Society 
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54 ENVIRONMENTAL EPIDEMIOLOGY 
plement and amplify the results of epidemiological studies by reveal ing 
b iochemical modes of action and thereby establishing plausible disease e t i 
ologies. Toxicologists, i n contrast, recognize the preeminence of w e l l -
conducted, human epidemiological studies, w h i c h provide direct evidence 
of an association between a chemical (or other factor) and human disease 
without extrapolating between species and across tremendous dose ranges. 

This chapter does not attempt to provide a comprehensive or in -depth 
review of current risk-assessment science. Rather, it provides an introduc 
tory overview that complements our treatment of environmental ep ide 
miology. A n appreciation of the strengths and l imitations of toxicological r isk 
assessment may help us better appreciate the role of h u m a n studies. Risk 
assessment, l ike any other scientific endeavor, is continual ly undergoing re 
finement. Therefore, current controversies are discussed br ie f ly ; undoubt 
edly, these areas w i l l be better understood by future generations. 

Toxicological Risk Assessment 
The predict ion of the type of toxicological effect caused by exposure to a 
chemical , the magnitude of the effect, and the incidence of the effect w i t h i n 
an exposed populat ion are a l l aspects of toxicological risk assessment. T h e 
assessment of risk from chemical exposure requires information from an ex
tensive array of toxicological tests but may also re ly on epidemiological s tud
ies. These toxicity tests inc lude acute and chronic exposures i n whole a n i 
mals and short-term i n vitro tests u t i l i z ing bacteria, animal cells, and 
subcellular enzyme preparations. H u m a n epidemiological data, w h e n avai l 
able, provide the most relevant information. In the absence of h u m a n s tud
ies, r isk assessments re ly on data from experimental animal models ; these 
data are extrapolated to indicate both the type of effects possible i n humans 
and the relationship of dose to toxic response. 

T h e Nat ional Academy of Sciences' paradigm of chemical risk assess
ment identifies four stages: (1) hazard identi f ication, (2) dose-response as
sessment, (3) exposure assessment, and (4) risk characterization (9). T h e pre 
dict ion of risk usually distinguishes two broad categories, depending on 
whether toxicity is considered to be a threshold or nonthreshold phenome
non. Thresho ld toxic effects are not measurable u n t i l the dose exceeds a 
threshold v a l u e — a l l exposures be low this l eve l are be l ieved to be nondele -
terious. O n l y mutagens and carcinogens are current ly treated as nonthres
ho ld toxicants. 

Risk assessments are usually per formed to avoid unacceptably h igh 
chemical exposures (proactive) or to predict the possible incidence of toxic 
effects i n a population after exposure. Risk assessments do not provide ac
tuarial estimates of chemical - induced illness or death; rather, they provide 
estimates and confidence l imits of populat ion-wide risk as extrapolated from 
experimental studies or h u m a n epidemiological data. 
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Regulations based on risk assessment, therefore, may play an important 
role i n protect ing pub l i c health, the pr inc ipa l goal of w h i c h is p r imary dis 
ease prevent ion . T h e val id i ty of risk assessments (and thus the cost-effec
tiveness of health-based environmental regulations) are only as good as the 
data on w h i c h they are founded. 

Hazard Identification. T h e first task faced by risk assessors is to 
establish whether a g iven compound poses a hazard to h u m a n health. A l 
though this determinat ion appears to be qualitative, dose cannot be ignored, 
because it is w e l l known that every compound is toxic at some leve l . T h e r e 
fore, the pert inent question is whether the compound may be harmful to 
humans over the range of exposures l ike ly to be experienced b y the p o p u 
lation i n environmental or occupational settings. 

The analytical process invo lved i n hazard identif ication represents a p re 
l iminary evaluation of a l l available toxicological, epidemiological , and expo
sure information. It establishes the rationale and urgency for further inves
tigation. As i n a l l scientific investigations, the t ruth is inferred from 
information der ived from both experiments (toxicological testing) and obser
vation (epidemiological studies). The role of scientific inference and the 
pressure on risk assessors to "see" the data from a part icular point of v i ew 
make risk assessments inherent ly controversial . 

T h e types of information central to hazard identif ication inc lude h u m a n 
data and laboratory data. H u m a n data (i .e. , from occupational exposures, 
accidents, and suicides) provide an indication of the degree to w h i c h a c h e m 
ical may be hazardous to a broader populat ion. However , this information is 
often complicated by a lack of exposure quantification. Laboratory data from 
experimental animals provide rel iable exposure information at the cost of 
uncertainty due to extrapolation between species. 

C o m m e r c i a l chemicals to w h i c h humans may be exposed (e.g., phar
maceuticals, food additives, and pesticides) are tested extensively before 
their approval for general use—far more so than industr ia l chemicals , inter 
mediates, and chemical constituents of consumer products. Toxicity testing 
is conducted according to a rational, t i ered approach. I n this manner, the 
most costly and elaborate tests are postponed p e n d i n g the outcome of 
screening tests. I n the development of a chemica l for market , unsatisfactory 
results from pre l iminary toxicological testing may e l iminate a candidate 
compound from further consideration. 

Structure-Activity Relationships. C o m p a r i n g the structure of a new 
chemical to that of other compounds w i t h k n o w n biological activity is the 
basis of a structure-act iv i ty relationship (SAR) analysis. Just as the desired 
biological attributes of chemicals (e.g., pest ic idal action against insects or 
pharmacological activity at a part icular receptor) fol low relationships p re 
dictable by chemical structure, so do a chemica ls undesirable toxicological 
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56 ENVIRONMENTAL EPIDEMIOLOGY 
side effects. S A R testing is rap id and relatively inexpensive, and commerc ia l 
computer software can evaluate acute toxicity, sk in and eye i rr i tat ion , m u 
tagenicity, and carcinogenicity (10). 

In Vitro Toxicity Tests. A battery of i n v i tro tests typical ly follows. In 
vitro tests are advantageous, because they do not involve whole animals but , 
rather, s ingle-cel led organisms, ce l l cultures, or subcel lular systems (e.g., 
enzyme preparations) and reveal biological activity associated w i t h toxicity 
i n v ivo . A familiar example is use of acetylcholinesterase enzymes of r e d 
blood cells as a probe for mammal ian neurotoxins. Another we l l -known i n 
vitro test is the bacterial mutagenesis assay, also k n o w n as the Salmonella or 
Ames mutagenicity test, w h i c h detects animal carcinogens as bacterial m u 
tagens. 

A l t h o u g h a positive f inding i n any of the i n v i tro tests attracts the atten
t ion of toxicologists, an isolated positive result among a series of negative 
findings is not uncommon. The i n v i tro tests provide the opt imal conditions 
for expression of activity. In the intact organism, the biological activity of a 
chemical may be mit igated by barriers to absorption, by metabol ism and 
conjugation that promote detoxication and excretion, and by other pro 
cesses. F u r t h e r m o r e , the peculiarit ies of the bioassay may lead to excep
tional biological activity that has no corresponding relationship to biological 
activity i n intact higher organisms. Salmonella bacteria, for example, are 
exquisitely sensitive to mutation by some nitrated polycycl ic aromatic h y 
drocarbons (PAH) without activation by microsomal enzymes, whereas u n 
der s imilar test conditions, k n o w n h u m a n carcinogens l ike benzo(a)pyrene 
produce a negative result. Thus , i n v i tro tests are only suggestive of toxicity. 

The array of i n v i tro tests for detection of carcinogens, mutagens, and 
reproductive toxicants are rev iewed i n this vo lume i n Chapters 7 and 8. 

Toxicity Testing in Laboratory Animals. T h e next t ier i n toxicity test
ing involves experimental animals, or i n v ivo testing, w h i c h provides infor
mation on toxicity to whole animals and pre l iminary information on the 
doses required to el ic it toxic effects. T h e spectrum of tests commonly u t i 
l i zed has been out l ined i n Chapter 5. These tests are conducted to evaluate 
a variety of toxicity end points, and they rely on the study of mul t ip le spe
cies, dose levels, and exposure periods. Acute exposure tests are typical ly 
fol lowed by repeated dose studies and ult imately by chronic studies for re 
product ive toxicity and carcinogenicity. A more complete list of laboratory 
toxicity tests is presented i n L i s t I. M u c h of the toxicity data originating i n 
the hazard identif ication phase is useful at the next stage, dose-response 
assessment. 

Dose-Response Assessment. Two pieces of toxicological informa
t ion are cr i t ical i n health risk assessment: the existence of a threshold and 
the nature of the dose-response relationship. D e t a i l e d knowledge of the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

6

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



6. C R A I G M I L L E T A L . Toxicology and Risk Assessment 57 

List I. Toxicity Tests Used 
in Toxicological Risk Assessment 

Structure-activity relationships 
Physicochemical properties 
Similarity to known toxicants 

In vitro test results 
Mutagenicity 
Other 

In vivo test results 
Short-term (acute) 

Lethality 
Organ toxicity 
Irritation 
Sensitization 
Genotoxicity 
Repeated dose 

Chronic 
Reproductive 
Carcinogenicity 

dose-response relationship may reveal a threshold and thus the two aspects 
are closely related. As i n other stages of risk assessment, information from 
h u m a n exposures is the most relevant and the most sought-after. Informa
t ion from occupational exposure studies are sometimes available, but a major 
di f f iculty—especial ly w i t h retrospective studies—is misclassification. M i s -
classification of exposure groups tends to bias risk estimates toward the n u l l ; 
i n other words, it leads to an underestimate of the hazard. Accordingly , ac
curate exposure classification is a fundamental requirement for any w e l l -
designed study. F o r new chemicals , h u m a n exposure data are not available, 
w h i c h necessitates reliance on laboratory test data from experimental a n i 
mals. A partial l ist of laboratory studies used i n establishing dose-response 
relationships is shown i n L i s t I I , and a n u m b e r of authoritative rev iew a r t i 
cles on this topic are c i ted i n the Nat ional Academy of Science s report (9). 

Exposure Assessment. Es t imat ion or measurement of chemica l ex
posure is essential to estimating dose, w h i c h , i n t u r n , determines the range 

List II. Toxicology Tests Used in Defining 
Dose—Response Relationships 

Acute lethality Immunotoxicity 
Skin and eye irritation Hematotoxicity 
Central nervous system toxicity Reproductive toxicity 
Peripheral neuropathy Teratogenicity 
Gastrointestinal toxicity Mutagenicity (in vivo) 
Respiratory toxicity Carcinogenicity 
Hepatotoxicity Behavioral toxicity 
Nephrotoxicity 
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58 ENVIRONMENTAL EPIDEMIOLOGY 
and severity of toxic effects i n the exposed populat ion. Absorpt ion is def ined 
as the movement of a chemical from the site of administrat ion into the blood. 
Toxicity is determined by the concentration of the active form of the c h e m 
ical (which may be a metabolite) at the site of action or ce l lular receptor. 
This information is not direct ly available. 

Information on the internal or absorbed dose is most pert inent for risk 
assessment. This dose can sometimes be estimated from the concentration 
of a chemical , or that of a metabolite, i n body f luids. L i k e toxicity testing, 
however, there is a battery of dose estimation techniques. W h e r e h u m a n 
b iomonitor ing data are unavailable, environmental or personal exposure 
monitor ing data may establish exposure concentrations, residue concentra
tions i n the environmental compartments i n immediate contact w i t h the 
study population. Exposure concentrations can also be estimated by using 
ad hoc methods or model ing . 

Biological Monitoring. H u m a n biological moni tor ing provides direct 
evidence of exposure as descr ibed i n several of the chapters i n this vo lume, 
part icularly Chapters 9 and 10. Chemists and biochemists have made sig
nificant advancements i n the technology for measurement of chemical res i 
dues i n biological systems. F o r an up-to-date overview of h u m a n b i o m o n i 
tor ing technology, readers are referred to the proceedings of a recent 
b iomonitor ing symposium (II). Biological moni tor ing encompasses more 
than measurement of internal dose, however, and has the potential for prob 
ing further into characteristics of the exposed populat ion (e.g., susceptibi l 
ity, effects, prec l in ical disease), as rev iewed i n Chapter 9 and previously by 
Perera (12). This is current ly a very active area of research. 

H u m a n tissues are sometimes available from poisoning v ict ims, and 
samples from l ive subjects may inc lude bodi ly f luids (e.g., b lood, m i l k , or 
saliva), exhaled breath, hair and nails, skin wipes , ur ine , and feces. H u m a n 
biopsy samples also are occasionally available where laboratory researchers 
have developed collaborations w i t h hospitals. U r i n e is the most easily ob
tained biological matrix, whereas b lood samples must be obtained by a p h l e -
botomist or other trained health professional. 

A l though h u m a n b iomonitor ing is recognized as the most rel iable mea
sure of exposure, it is not a panacea. F i r s t , the data are often not available, 
because the analytical techniques—especial ly for metabolites (the main 
chemical excretion products)—are restricted to a few research laboratories. 
There are no government-cert i f ied laboratories or analysis procedures for 
b iomonitor ing , and commerc ia l environmental testing laboratories do not 
rout inely offer biological moni tor ing services. F u r t h e r m o r e , there is l i tt le 
demand for such procedures, because this type of testing is not mandated 
by any federal or state laws or regulations. Laboratories that have expertise 
i n industr ia l hygiene techniques typical ly offer personal monitor ing , w h i c h 
involves the measurement of chemicals i n the breathing zone. Second, b io -
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6. C R A I G M I L L E T A L . Toxicology and Risk Assessment 59 

logical moni tor ing data do not lead direct ly to an estimate of dose, as po inted 
out i n Chapter 14. As the chapter demonstrates, pharmacologically based, 
pharmacokinetic models represent a powerful interpret ive tool w h e n ap
p l i e d to biological moni tor ing data. 

Measurement of Exposure Concentrations. W h e n h u m a n b iomonitor -
ing data are absent, w h i c h is usually the case, chemical analysis of env i ron 
mental med ia can provide satisfactory estimates of h u m a n exposure i n 
particular situations. D a t a on chemical residues i n the environmental c o m 
partments, so-called exposure concentrations, are combined w i t h estimates 
of food, water, and air intake to approximate exposure by the relevant path 
ways. 

Theoretical Models in Exposure Assessment. I n many instances, even 
environmental moni tor ing data are not available. As a last resort, exposure 
estimates can be based solely on mode l ing or ad hoc methods, and this is 
often necessary after industr ia l and transportation accidents and spil ls . 
Chapter 15 provides an example of exposure estimation based on env i ron 
mental model ing . In that study, a transportation sp i l l of the fumigant 
metam-sodium, l i t t le or no rel iable environmental data were available on 
the atmospheric concentrations of the irr i tant breakdown product , m e t h y l 
isothiocyanate. 

Because a chemical released to the environment partitions into various 
environmental compartments, inc lud ing soil (lithosphere), air (atmosphere), 
water (hydrosphere), and biological organisms as w e l l as the associated sub-
compartments (e.g., vadose zone, atmospheric particulate matter), mode l 
ing exposures by each pathway can be very complex. T h e phrase " m u l t i 
med ia exposure assessment", popular today, acknowledges the diversity of 
exposure routes to humans and the complexity of evaluating the fate of a 
chemical i n the environment . Clear ly , wherever possible, exposure assess
ments based on theoretical models need to be val idated (or cal ibrated or 
confirmed) by b ioenvironmental or environmental moni tor ing or by other 
approaches, such as laboratory s imulation. Moreover , the uncertainties as
sociated w i t h these exposure estimates need to be prov ided to pub l i c health 
authorities re ly ing on the information. 

Risk Characterization. Risk characterization is the process of ex
trapolating dose-response data from h u m a n and laboratory animal studies to 
probable exposure scenarios to predict the incidence and degree of toxicity 
i n the exposed h u m a n population. 

Safety Factors for Threshold Toxicants. I n risk characterization, a m a 
jor dist inct ion is made between threshold and nonthreshold toxicants. F o r 
risk assessment purposes, exposures be low a threshold are be l i eved to be 
without adverse effect, at least for the toxicological e n d point considered. 
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60 ENVIRONMENTAL EPIDEMIOLOGY 
B y apply ing a further safety factor, usually from 100 to 500, an acceptable 
margin of safety can be ensured. I f a po l lut ion standard is set at a l eve l that 
protects a sensitive subpopulation (e.g., air po l lut ion standards set be low 
the threshold for asthma sufferers or the elderly) , there is a h i g h degree of 
confidence that no adverse effects w i l l be experienced by the general pop
ulation. 

Johannsen has rev iewed the historical development , use, and rationale 
for safety factors i n risk assessment and regulatory toxicology (13). Rel iance 
on safety factors addresses a n u m b e r of l imitations i n toxicological risk as
sessment, inc lud ing inadequacies of the data, interspecies adjustment, and 
intraspecies variabil ity. Intraspecies variabi l i ty is attr ibuted to the hetero
geneity found i n the h u m a n population. F u r t h e r m o r e , differences among 
species are related to a complex interrelat ionship of mul t ip l e factors (ge
netic , physiological , and anatomical), w h i c h necessitate scaling. There are 
various approaches to scaling: E q u i v a l e n t dose can be der ived from body 
weight , body weight raised to an exponent, or surface area, or it can be 
der ived allometrically. 

The W o r l d H e a l t h Organizat ion ( W H O ) established the acceptable dai ly 
intake (ADI) to define the permiss ib le intake for chemicals that exhibit tox
ic i ty thresholds. The A D I is def ined as "the dai ly intake of a chemical w h i c h , 
d u r i n g an entire l i fet ime, appears to be without appreciable risk on the basis 
of a l l known facts at the t i m e " (14). T h e U . S . E n v i r o n m e n t a l Protect ion 
Agency has established a s imilar cr i ter ion cal led the Reference Dose (RfD) . 

T h e or ig in of both the A D I and the R f D is the no observable adverse 
effect l eve l ( N O A E L ) de termined i n the experimental animal model , w h i c h 
is d i v i d e d by a safety or uncertainty factor. T h e A D I and the R f D may differ, 
because different factors may be employed (15) or different toxicity end 
points may be considered. 

The threshold l i m i t value (TLV) is another example of a safe-exposure 
guidel ine established for compounds that have toxicity thresholds. T h e 
A m e r i c a n Conference of Governmenta l Industr ial Hygienists ( A C G I H ) de 
fines the T L V as "the concentration for a normal 8-hour workday and a 40-
hour workweek, to w h i c h nearly a l l workers may be repeatedly exposed, day 
after day, without adverse effect" (16). 

Quantitative Risk Assessment for Nonthreshold Toxicants. F o r regu
latory toxicological purposes, mutagenicity and carcinogenicity are consid
ered to be nonthreshold events, because a single chemical interaction w i t h 
the genetic material may, i n theory, induce disease. Therefore, to predict 
cancer risk requires extrapolation along a theoretical dose-response curve 
to the low-dose region, usually far removed from the dose range for w h i c h 
animal data exist. I n a recent review, Johannsen describes several mathe
matical models that have been developed to extrapolate into low-dose re -
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6. C R A I G M I L L E T A L . Toxicology and Risk Assessment 6 1 

gions (13). A l l of these models appear to be rel iable for the range i n w h i c h 
the data l ie . A t low doses, however, the obtained risk estimates vary over 
several orders of magnitude. I n the U n i t e d States, regulatory agencies re ly 
on the l inear ized multistage mode l , a mathematical risk characterization 
mode l that assumes (1) that dose-response relationships are l inear and (2) 
that cancer induct ion is a multistage process. 

T h e development of biologically or physiological ly based models of risk 
assessment is be ing pursued to he lp overcome the uncertainties of current 
theoretical models (17). Biological ly based models consider i n m u c h greater 
detai l the diversity of available chemical and b iochemical information on 
mechanisms of action, metabolic activation and detoxication, and repair pro 
cesses, w h i c h may be cr i t ical i n mit igat ing toxicity observed at l ow doses. 
Moreover , as demonstrated i n Chapters 11 and 12, species have different 
responses to chemical insults, and it is possible, by us ing bioanalytical c h e m 
istry, to dist inguish sensitive and insensitive species. 

The disparity i n regulations and exposure guidelines for threshold and 
nonthreshold toxicants is exempli f ied i n the recommendations for carcino
gens made by the A m e r i c a n Conference of G o v e r n m e n t a l Industr ia l H y -
gienists ( A C G I H ) (16). Workers handl ing conf irmed h u m a n carcinogens 
" shou ld be proper ly equ ipped to e l iminate to the fullest extent possible a l l 
exposure". Some T L V s have been established for carcinogenic substances, 
but i n these cases the exposures are not l ike ly to result i n a detectable i n 
crease i n cancer incidence or mortality. 

Uncertainties in Risk Assessment 
There are numerous sources of uncertainty i n pred ic t ing h u m a n health risks 
based solely on animal test data. Risk assessments that incorporate ep ide
miological study data, of course, are not without uncertainty, and va l id ex
per imental data from h u m a n studies also require a "safety factor" w h e n ex
trapolated to humans i n other exposure situations (13). 

A l l scientific information, in c lud ing that from laboratory toxicology stud
ies, is accompanied by error. Experimental ists must continual ly track and 
mitigate both random and determinate errors, even w h e n the design of the ir 
experiments is completely adequate. Toxieologists, l ike other biologists, 
must consider the diversity of biological populations, although laboratory 
animals are generally h ighly inbred . Accordingly , attention to statistics, ap
propriate sample sizes, and adequate experimental design are cr i t ical i n tox
icology. 

There are other methodological problems. T h e h igh doses needed to 
produce observable effects i n a l i m i t e d n u m b e r of exper imental animals 
dosed for a l i m i t e d per iod of t ime are often orders of magnitude greater than 
potential human exposures. W h e n this is the case, the upper and lower con
fidence intervals "flare out" as the data are extrapolated farther and farther 
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62 ENVIRONMENTAL EPIDEMIOLOGY 
from the experimental doses. In some eases, the upper and lower bounds 
differ by four to six orders of magnitude. 

I n carcinogenicity bioassays i n the U n i t e d States (but not Europe ) (18), 
two animal species (usually mice and rats) are exposed to a substance for 2 
years at the m a x i m u m tolerated dose ( M T D ) . A t least one other dose group 
(usually 0.5 X M T D ) and a contro l group are also maintained. T h e M T D is 
the amount of substance that causes some toxicity (e.g., a change i n weight 
gain) d u r i n g a 90-day exposure but does not detectably shorten the an imals 
life span. 

C h e m i c a l toxicokinetics at such levels may be considerably different 
from those at low exposure levels , and certain detoxication pathways may be 
overwhelmed. A t very h igh doses, ce l l damage and death may induce ce l 
lu lar prol i feration, w h i c h itself may promote tumor formation (19). T h u s , 
because the tumor- induct ion mechanisms are un ique , the relevance of car
c inogenicity testing at the M T D is controversial to some scientists. L u and 
S ie lken (20) postulate that the mode l used i n current regulatory risk assess
ment " is really not a measure of low-dose carcinogenicity, but rather an i n 
dication that at toxic doses a chemical is also carcinogenic" . A rap id resolu
t ion of the scientific question of whether carcinogens have thresholds is 
unl ikely . 

O n e source of uncertainty i n risk characterization is the extrapolation 
from the laboratory to the real w o r l d and from experimental animals to h u 
mans. Risk assessors are current ly using new physiologically based phar 
macokinetic ( P B P K ) models to he lp reduce this uncertainty. P B P K models 
relate human exposure to laboratory animal exposure by comparing organ 
blood f low and toxicant extraction ratios between species. These data are 
incorporated into mul t ip le , simultaneous differential equations that estimate 
more precisely the d istr ibut ion of a chemical to target organs (21,22). 

These and other sources of uncertainty i n toxicological risk assessment 
elevate the significance of h u m a n data. E v e n w h e n h u m a n data are available, 
however, a l l that may be k n o w n is that a chemical causes different effects i n 
humans or that humans are more or less sensitive than exper imental a n i 
mals. G o o d h u m a n dose-response data for environmental chemicals are usu 
ally lacking. T h e most abundant data available are for h u m a n pharmaceutical 
preparations used to treat chronic diseases, for example, anticonvulsants and 
tranquil izers . T h e difficulty i n establishing exposures is a recurr ing p r o b l e m 
for retrospective human epidemiological studies. Prospective h u m a n e p i 
demiological studies, part icular ly of occupational exposures, offer some of 
the most relevant information available (23). 

Summary 
Toxicological risk assessment is characterized b y substantial technical cha l 
lenges, areas of uncertainty, and, frequently, heated controversy. F o r ethical 
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reasons, most of the findings and conclusions der ived from toxicological risk 
assessment cannot be tested experimentally. I n spite o f these l imitat ions, 
the process is essential i n protect ing pub l i c health and the environment . 

N e w models that probe biological mechanisms of action and that can 
account for differences i n toxicokinetics among species w i l l he lp strengthen 
the scientific basis of risk assessment and the val idi ty of r isk management 
decisions. E v e n w i t h these and other advancements, toxicological risk as
sessment is not expected to provide actuarial data of the sort prov ided by 
h u m a n epidemiological studies. H u m a n epidemiological studies r e ly ing on 
va l id exposure classification techniques, in c lud ing b iomonitor ing , w i l l con
t inue to provide the strongest evidence of health hazards for populat ion-
wide exposures to environmental chemicals. 

F o r ethical reasons, it is often impossible or unacceptable to base risk 
management decisions on human studies. M a n y carcinogens have long l a 
tency periods, and in large populations, even low- leve l exposures to weak 
carcinogens may result i n unacceptably h igh mortal i ty and morb id i ty rates. 
H e n c e , the urgent need for toxicological risk assessment (and ut i l izat ion of 
the best available scientific information i n the process) is l ike ly to remain 
w i t h us for the foreseeable future. 

It has been stated that risk assessment is fundamental ly a social, c u l 
tural , and pol i t ical phenomenon that has only inc idental connection to sc i 
ence. Information based on scientific data, however, has always formed the 
most satisfactory and ult imately acceptable basis for resolving technical 
problems. Accordingly , i m p r o v e d integration of information gleaned i n the 
toxicological laboratory and that obtained from wel l -des igned epidemio log
ical studies w i l l lead to rel iable risk assessments. Th is i n t u r n can lead to 
regulations that justify their economic cost by prov id ing the necessary l eve l 
of protection for pub l i c health and the environment . 
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7 
In Vitro and In Vivo Assays to Screen 
for Reproductive Toxicants 
in Animals and Humans 

Barbara S. Shane 

Institute for Environmental Studies, Louisiana State University, 
Baton Rouge, LA 70803 

Although more than 800 compounds that have been tested in animals 
have been shown to be embryotoxic or teratogenic, little is known of 
the reproductive toxicity of these and other chemicals in humans. 
Because the compounds that have been tested account for only 2.5% 
of the potentially embryotoxic or teratogenic compounds to which 
humans are exposed, emphasis has been placed on the development 
of short-term reproductive assays to screen these compounds more 
rapidly. In some cases, the results obtained in the in vivo assays in 
intact animals correlate well with those obtained in the short-term in 
vitro assays; however, the usefulness of these assays will be evident 
only after extensive validation. Also, epidemiological studies in hu
mans are difficult to interpret when the cohorts are small and the 
adverse reproductive outcomes very subtle. In this chapter, the most 
commonly used in vitro and in vivo assays are described in associa
tion with the outcomes elicited by certain classes of chemicals. Ad
ditionally, epidemiological studies in humans in which adverse repro
ductive outcomes have been elicited by industrial chemicals are also 
discussed. 

THE HUMAN POPULATION HAS BEEN EXPOSED (I) to approximately 60,000 
chemicals, and this n u m b e r is increasing by a few thousand annually because 
of the synthesis of new compounds, inadvertent product ion i n industr ia l pro 
cesses, and chemical interactions i n the environment (2). O f these c h e m i 
cals, only 1600 have been evaluated for their fetotoxic and teratogenic po
tential i n animals. Close to one-half of these compounds have been shown 
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66 ENVIRONMENTAL EPIDEMIOLOGY 
to be teratogenic i n animals, whereas less than 50 compounds have been 
shown to be teratogenic ( i ) or cause spontaneous abortion i n humans (3-5). 
T h e n u m b e r of categories into w h i c h these chemicals fall is numerous and 
includes pesticides, industr ia l compounds, metals, organic solvents, labo
ratory chemicals, drugs, feed additives, environmental chemicals , and nat
ural ly occurr ing substances such as plant, fungal, and bacterial byproducts . 
T h e majority of these chemicals exist i n the environment i n negl igible 
amounts; however, a small percentage have been shown to persist at toxic 
levels (2). 

T h e toxic potential of chemical contamination of the environment p r e 
sents hazards not only to the current populat ion but also to future genera
tions by adverse effects to the genetic material and reproduct ion. Exposure 
of both male and female organisms to chemicals d u r i n g the reproduct ive 
cycle can have deleterious effects on the development of the fetus. T h e toxic 
action of environmental chemicals on reproduct ion occurs by a direct effect 
on the conceptus or by effects on maternal organs that can result i n altered 
hormone secretion and hence altered reproduct ion (6). Es t imat ing the i n 
cidence of these effects is difficult, and de t e rmin ing the ir causes is even 
more complex because of the large n u m b e r of confounding factors. These 
factors inc lude but are not l i m i t e d to the fo l lowing: incomplete information 
concerning dose, t iming and duration of exposure; u n k n o w n interactions 
among causes; difficulty i n obtaining specimens; difficulty i n de termin ing 
environmental concentrations; the large n u m b e r of potential causes of abor
t ion; and variations i n ind iv idua l susceptibi l i ty due to differences i n geno
type (7). To understand these effects on reproduct ion , this rev iew addresses 
the physiology of pregnancy and fetal development , the etiology and m e c h 
anisms of reproductive failure and fetal malformations (teratogenesis), the 
evaluation of environmental pollutants for the ir developmental toxicity i n i n 
vitro and i n vivo assays, and the assessment of the toxicity of these com
pounds i n epidemiological studies. 

Physiology of Pregnancy and Fetal Development 
Gestation is the per iod of fetal development from the t ime of conception to 
the t ime of b i r t h . The average length of gestation i n man is 266 days, or 
approximately 9 months (8). Gestat ion is commonly d i v i d e d into three pe 
riods each of 3 months durat ion, referred to as the first, second, and t h i r d 
trimesters. 

T h e greatest damage to the deve loping embryo fo l lowing exposure to 
toxic compounds occurs d u r i n g the first trimester, w h e n the embryo differ
entiates. The blastocyst, w h i c h is formed d u r i n g the first week of gestation, 
consists of cells that have not undergone differentiation. In jury to a smal l 
n u m b e r of these cells does not result i n a specific developmental defect but 
i n an overal l delay i n the development of the fetus or i n death i f the dose is 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

7

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 
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high (9). E m b r y o n i c differentiation begins d u r i n g the t h i r d week of gesta
t ion , w h e n the cells of the blastocyst are segregated into three embryonic 
germ layers, referred to as ectoderm, mesoderm, and endoderm. D u r i n g 
weeks 4 through 8, each of the three germ layers gives rise to a n u m b e r of 
specific groups of cells, k n o w n as pr imord ia . T h e differentiated cells have 
more special ized metabolic requirements and are, therefore, more vu lner 
able to damage by adverse influences. Damage to a part icular p r i m o r d i u m 
at this t ime may later result i n specific structural defects i n the fetus (Figure 
1). O n complet ion of organ formation (organogenesis) at the end of the 
twelfth week, the induct ion of major structural defects is no longer a factor 
of concern (9). 

The per iod from the beg inning of the t h i r d month to b i r t h is k n o w n as 
the fetal per iod . It is characterized by rap id growth of the body and cont in 
ued tissue differentiation or histogenesis (10). T h e progress of histogenesis 
is closely correlated w i t h the development of the functional activity of the 
fetal organs. Adverse influences d u r i n g this stage of development result i n 
microscopic structural defects and possibly i n functional abnormalities (9). 

-—Fetal Period (in weeks) - • Full Term 

1 2 3 4 5 6 7 8 12 16 20-36 38 

Prenatal death Major morphological abnormalities 
Spontaneous abortion 

Physiological defects and minor 
morphological abnormalities 

Figure 1. Human developmental stages and susceptibility of organ systems 
to reproductive toxicants. Dark hatched areas are time periods at which tissue 
is highly susceptible to environmental toxicants. 
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68 ENVIRONMENTAL EPIDEMIOLOGY 

Because structural and functional maturation continues after b i r t h i n many 
organ systems such as the immunolog ic system, nervous system, l iver , k i d 
neys, and other endocrine organs, concern of the possible adverse effects of 
environmental factors on late-maturing functions d u r i n g infancy and c h i l d 
hood is growing (9). 

Reproductive Failure and Teratogenesis 
Interference of normal development through exposure to various c om
pounds may have one of four possible outcomes: death, malformation, 
growth retardation, or organ dysfunction of the fetus (9). D e a t h of the e m 
bryo d u r i n g the early stages of gestation (weeks 1 through 4) results i n re 
sorption of the conceptus by the maternal system, whereas death of the 
embryo d u r i n g weeks 4 through 8 results i n heavy b leed ing that is fre
quent ly undetected as a fetal death by the mother. M a n y pregnancies are 
not diagnosed u n t i l the woman seeks medica l attention, 8 - 1 0 weeks after 
conception. D e a t h of the fetus d u r i n g weeks 8 through 36 results i n expu l 
sion of the uterine contents, referred to as a spontaneous abortion. T h e rate 
(percentage) of spontaneous abortions is de termined b y m u l t i p l y i n g the 
n u m b e r of spontaneous abortions by 100 and d i v i d i n g by the sum of the 
n u m b e r of spontaneous abortions and the n u m b e r of b irths i n a specific pop
ulation (II) . T h e estimated rate of abortion reported i n the l i terature is v a r i 
able. T h e reason for these discrepancies is the inc lusion or exclusion of the 
embryonic per iod (weeks 1-8) i n the estimation of spontaneous abortion. 
O n e source estimates that 7 5 - 7 8 % of a l l conceptions are resorbed or aborted 
(12), whereas another estimates the rate as be ing between 30 and 5 0 % (13). 
Another study indicates the incidence of spontaneous abortion of recognized 
pregnancies to be 1 5 - 2 0 % (3). U n t i l recently, it was impossible to detect 
pregnancy in its early stages, and thus the incidence of pregnancy wastage 
was frequently underest imated because of the inadequacies of the methods 
of analysis of pregnancy loss (13). T h e development of a new and innovative 
immunoassay to detect the presence of ur inary @ chorionic gonadotropin, a 
hormone produced by the placenta 9 days after conception (14), has made it 
possible to determine more accurately the rate of spontaneous abortion i n 
the first 2 months of pregnancy. 

T h e outcome of pregnancy fo l lowing exposure to a chemical substance 
depends on the length of exposure, the stage of fetal development at the 
t ime of exposure, the magnitude of exposure, and the nature of the chemica l 
substance. Not a l l exposures result i n fetal death and spontaneous abortion. 
M a n y exposures result i n teratogenesis, w h i c h is def ined as the product ion 
of any significant change i n structure or function of the fetus that can be 
detected d u r i n g the postnatal per i od (I). T h e possible consequences of ter 
atogenesis are death of the fetus (spontaneous abortion), congenital malfor
mation, growth retardation, and functional disorder of an organ system (15). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

7

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 
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T h e final manifestation i n the fetus depends pr imar i l y on the susceptibi l ity 
of the embryo at the t ime of exposure and the magnitude of the dose (9). 

The dose of the chemical that reaches the embryo or fetus depends on 
several factors: the magnitude of the dose, the physical form of the agent, 
the route of exposure, the rate of absorption by the maternal system, and 
the effectiveness of maternal metabolic processes that function to protect 
the fetus. The pr imary function of maternal metabol ism is to reduce the 
blood concentration of the toxicant so that the n u m b e r of molecules free to 
cross the placenta is m i n i m i z e d . This is accomplished by detoxification, ex
cret ion, or storage of the toxicant by the maternal system. T h e embryo or 
fetus is thought to have a threshold dose for most toxic substances. B e l o w 
this dose, no effect occurs; above i t , permanent changes i n the fetus may be 
induced (9). A l though the embryo or fetus may only receive a smal l fraction 
of the maternal dose, it is frequently sufficient to produce an embryotoxic 
or teratogenic response. Because of the extraordinary sensitivity of the con-
ceptus, it is possible for embryotoxic ity to occur i n the absence of maternal 
toxicity fol lowing exposure (16). 

Teratogens may alter normal development i n a n u m b e r of ways. These 
inc lude gene mutations, chromosome breaks, interference w i t h mitosis of 
cells , alteration i n the normal function of the genes, lack of substrates re 
qu i red for growth through alteration i n the source of energy, inh ib i t i on of 
certain enzymes, an osmotic f lu id imbalance w i t h i n the developing fetus, 
and changes i n membrane characteristics. A l l of these cel lular processes, 
w h i c h are fundamental to the development of an embryo , can be measured 
i n v i tro and thus can be studied separately. A l though many teratogenic as
says are relatively cheap and can be per formed rapidly and cheaply, they 
mode l only a single developmental process. A n alternative strategy be ing 
evaluated is the development of more complicated assays i n w h i c h a n u m b e r 
of developmental processes, in c lud ing ce l l growth and d iv is ion , cel l - to-cel l 
interaction and communicat ion , and differentiation are measured s imulta 
neously. 

In Vitro and In Vivo Assays To Monitor 
for Reproductive Toxicants 
Reproduct ive toxicity assays have been designed to detect embryotoxicity, 
embryolethality, and teratogenicity. Some assays may detect a l l three end 
points, but most detect only one. Three levels of screening are u t i l i zed i n 
the evaluation of a compound for its effects on the developing fetus. 

1. Prescreening employs s imple , inexpensive, short - term test
ing and is most commonly per formed i n v i tro (17,18). 

2. A n i m a l testing involves the testing of chemica l agents for ter 
atogenicity i n small laboratory animals. 
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70 ENVIRONMENTAL EPIDEMIOLOGY 

3. Ep idemio log i ca l studies i n humans attempt to show an asso
ciation between a chemical and its reproduct ive effect (I). 

In Vitro Short-Term Assays. I n v i tro assays can be per formed b y 
using cells, tissues, or intact organisms of various levels of complexity. E s 
tablished ce l l l ines assess the effect of chemicals on a single developmental ly 
relevant e n d point of toxicity; p r imary cultures der ived from embryos assess 
one or more of the developmental processes; cultures of organ p r i m o r d i a 
der ived from embryos assess the development of a part icular organ; and 
intact embryos , in c lud ing rodent embryos i n culture or f ree- l iv ing embryos 
of submammalian species, assess the toxicity of a compounds on a n u m b e r 
of developmental processes. M a n y compounds examined i n these assays 
have been shown to be embryolethal or to retard growth but not to be ter 
atogenic. There is some confusion, however, as to whether the degree of 
damage is related to dose or whether some of the assays are biased toward 
detecting only embryolethal end points or growth-retardation effects. I n 
fact, it has been stated that many of the i n v i tro tests are designed to detect 
embryolethal i ty and not teratogenicity. 

Some i n vitro assays can be used to study the mechanism by w h i c h a 
compound elicits developmental toxicity. I n assays using rodent embryo c u l 
ture, the maternal factors that may contribute or alleviate toxicity are e l i m 
inated, as the embryos are removed from the mother and cu l tured i n v i tro . 
Because these embryos are unable to metabolize chemicals to active inter 
mediates, the role of mammal ian enzymes i n the metabol ism of the test 
compound can be evaluated. F o r example, it has been shown that a terato
genic effect is e l i c i ted by cyclophosphamide i n rodent embryos i n culture 
w h e n adult metabol iz ing enzymes are inc luded i n the assay but not w h e n 
these enzymes are omitted. Interestingly, only two metabolites of cyclo
phosphamide have been shown to be teratogenic (19, 20). 

F o r any i n vitro screen to be useful, it must have four attributes: p re -
dictivity, sensitivity, specificity, and el ic itation of a quantitative response. It 
must be predict ive of the toxicity of a compound i n humans, and it must be 
quantitative, that is, there must be a dose-response relationship so that w i t h 
increasing concentrations of the chemical , an increase i n an effect is ob
served. Chemica ls have a threshold at w h i c h they cause developmental tox
icity. Because very few h u m a n epidemiological studies of the teratogenicity 
of chemicals have been undertaken, these screens have been used to predict 
teratogenicity i n humans indirectly. Diff icult ies i n extrapolation occur, be 
cause the dose levels requ ired to el ic it developmental toxicity i n humans are 
largely unknown, except i n the case of a few drugs such as thal idomide and 
methotrexate. A sensitive test is one that successfully identifies develop
mental toxicants w i t h few false-negative results. A specific screen success
fully classifies nontoxicants w i t h very few false-positive results. False-nega
tive or false-positive findings can be m i n i m i z e d by manipulat ion . F o r 
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example, Steele et a l . (21) and the Nat ional Toxicology Program (22) found 
that more false-negative results are generated w h e n data from only the low
est concentrations of 44 substances, tested at concentrations of 0 . 5 - 4 0 m M , 
were evaluated. A t a concentration of 0.05 m M , al l the nonteratogens were 
correctly classified, g iv ing an overal l accuracy of 54%. As the concentration 
was increased, the n u m b e r of false-negative findings decreased and the 
n u m b e r of false-positive results increased. O v e r a l l , the accuracy was highest 
(71%) w h e n the concentration was 10-20 m M . A t the highest concentration, 
accuracy was lower and the n u m b e r of false-positive results became ex
tremely h igh , close to 90%. T h e accuracy of the battery was lowest at the 
concentrations at w h i c h false-positive and false-negative results were opt i 
m i z e d . 

N o n e of the i n vitro assays has been sufficiently val idated or shown to 
be sufficiently predict ive to be accepted as an all -purpose screen for deve l 
opmental toxicants (Table I). However , one important application of rap id i n 
vitro screens is i n ranking chemicals w i t h i n a family for developmental tox
ic i ty so that compounds w i t h the highest potency can be studied i n more 
depth i n other systems. F o u r such studies were recently reported : one by 
Oglesby et a l . (23) on the embryotoxic ity of parasubstituted phenols i n the 
postimplantation assay, a second by M a y u r a et a l . (24) on chlor inated p h e 
nols using the Hydra attenuata and postimplantation rat embryo assays, a 
t h i r d by K i s t l e r (25) on the teratogenic potential of a n u m b e r of synthetic 
retinoids in the i n vitro l i m b b u d ce l l culture screen, and a fourth by R a w l -
ings et al . (26), who ranked alkoxy acids (metabolites of g lycol ethers) i n the 
rodent postimplantation assay. A l though the ranking system is informative, 
it is difficult to extrapolate from these data to the concentration that might 
be expected to el ic it a toxic effect i n embryos i n v ivo or i n humans. 

Table I. Predictability of Short-Term Tests 

Assay Predictability No. of Compounds 

Cell culture 
Mouse ovarian tumor 79 178 
Human embryonic palatal mesenchyme 64 99 
Neuroblastoma 86 57 
Organ Culture 
Mouse limb bud 89 27 
Whole Embryo Culture 
A. Invertebrates 

Hydra 100 24 
B. Non-mammalian 

Frog 93 43 
Chick — 130 

C. Mammalian 
Rats—postimplantation 97 38 

S O U R C E : Adapted from Daston and D'Amato (18). 
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A second approach, used by Fabro and B r o w n (27) and Johnson (28), 
has been the determinat ion of the ratio between the concentration of a c o m 
p o u n d that causes toxicity i n an adult to one that causes developmental tox
ic i ty i n an embryo or fetus. Fabro and B r o w n (27) advocated using a relative 
teratogenic index (RTI), w h i c h they calculated by d i v i d i n g the adult dose 
L D j (the concentration that ki l ls 1 % of adults) by the teratogenic dose T D 5 

(the concentration that causes teratogenesis i n 5% of embryos). Johnson (28) 
proposed an A / D ratio, w h i c h he def ined as the lowest observed adverse 
effect l eve l ( L O A E L ) of the adult toxic dose (A) d i v i d e d by the L O A E L for 
developmental toxicity (D). Recently, this was modi f ied by d i v i d i n g the 
adult no adverse effect l eve l ( N O A E L ) by the developmental N O A E L (29). 
T h e R T I and A / D ratio are fundamentally similar, but the R T I is a statistical 
value calculated from a dose—response curve , whereas the A / D ratio is a ratio 
of L O A E L s i n w h i c h no consideration is g iven to the slope of the d o s e -
response curve. B o t h ratios are based on the concept that most teratogens 
are specifically toxic to the embryo and m u c h less toxic to adults. Johnson 
stated that a cr i t ical A / D ratio of 3 or higher is indicative of a reproduct ive 
hazard (28). Teratogens, therefore, w o u l d have a h igh R T I or A / D ratio. I n 
practice, as far as human teratology is concerned, this may not be true , 
because certain chemotherapeutic agents, anticonvulsants, and ethanol are 
only teratogenic at or near levels that cause maternal toxicity. 

Tissue Culture. C e l l l ines have been established from mouse ovarian 
tumor ( M O T ) cells (30), h u m a n embryonic palatal mesenchyme cells (31), 
and h u m a n neuroblastoma cells (32). C e l l attachment, growth inh ib i t i on , 
and inh ib i t i on or st imulation of differentiation are the respective parameters 
measured after exposure to nontoxic doses of the test chemical . 

T h e rationale of the M O T assay is based on the generic property of 
embryona l cells to adhere to surfaces or lectins. T h e assay is per formed by 
adding the test chemical to a suspension of M O T cells pretreated w i t h r a 
dio labeled thymid ine . A plastic sheet coated w i t h lec t in is p laced i n the c u l 
ture bottle so that the M O T cells can adhere to it . Inh ib i t i on of adherence 
is measured by de termin ing the radioactive counts associated w i t h the plas
tic sheet and the m e d i u m and by compar ing these values w i t h the control . 
In a study of more than 100 teratogens and nonteratogens, a 79% accuracy 
compared w i t h i n v ivo results was obtained. 

T h e assay i n w h i c h h u m a n embryonic palatal mesenchyme cells are used 
is based on the premise that teratogens w i l l inh ib i t the growth of these rap
id ly d i v i d i n g cells. G r o w t h inh ib i t i on is measured by ce l l counting. A cr i t i ca l 
concentration of 1 m M was chosen for the uppermost concentration i n the 
assay. A n evaluation of k n o w n teratogens and nonteratogens showed that 
6 6 % of the teratogens were correctly identi f ied as positives and that 6 0 % of 
the nonteratogens were identi f ied as true negatives (33). 

T h e t h i r d assay uses human neuroblastoma cells der ived from ch i ldhood 
malignant tumors that i n culture can differentiate into neurites. O f 42 te-
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ratogens tested, 76% st imulated differentiation and 7% inh ib i t ed differentia
t ion , and of the nonteratogens tested, 74% d i d not alter differentiation (34). 

Organ Culture. Mouse Embryo Limb Bud Cell Culture Assay. In this 
assay, 11- to 12-day-old mice embryos are removed from the dams and the 
l i m b b u d dissected away from the embryo under a stereomicroscope (35). 
T h e buds are incubated for several days i n a nutr ient m e d i u m i n the pres
ence or absence of the test chemical . T h e cu l tured l imbs can then be scored 
qualitatively for the presence or absence of malformations and quantitatively 
for the amount of cartilage formed i n the l i m b by staining w i t h to luid ine 
b lue . A quantitative approach to the measurement of the formation of car
tilage is the determinat ion of the uptake of 3 H - p r o l i n e or ^S-sulfate into 
chondroi t in sulfate, the major component of cartilage. A modif ication of this 
method , developed b y Guntakatta et a l . (36), depends on the disassociation 
of the l i m b b u d into ind iv idua l cells, w h i c h are then exposed to ^ - t h y m i 
dine and -sulfate i n culture . A n overal l accuracy of 8 9 % was reported by 
Guntakatta et al . (36) after the testing of both teratogens and nonteratogens 
that do not require metabolic activation. A n advantage of this assay is the 
fact that the l i m b buds can be cu l tured for 9 days, d u r i n g w h i c h t ime car t i -
lagenous bone structures develop. This permits the evaluation of a n u m b e r 
of end points, inc lud ing chondrogenesis and collagen biosynthesis (35). M e 
tabol iz ing enzymes added either as cell-free extracts or intact cells have suc
cessfully been used i n the assay. 

Whole Embryo Systems. Invertebrate Embryos. H y d r a , a test sys
t em, w h i c h was developed by Johnson and co-workers (28, 37, 38), uti l izes 
the freshwater coelenterate H. attenuata and is based on the reaggregation 
and differentiation of the coelenterate. A d u l t h y d r a polyps are exposed to 
log concentrations of the test substance (1 X 1 0 " 3 to 1 X 10 3 (xL /mL) and 
the m i n i m u m concentration requ i red to produce a toxic response is deter
m i n e d . T h e dose of a test compound that results i n toxicity i n the adult (A) 
is then compared w i t h that w h i c h causes developmental toxicity (D). T h e 
embryo is prepared by disassociating 700-1000 hydra into their component 
cells to form an "art i f ic ial embryo" . These preparations consist of two ce l l 
types, the major component of w h i c h consists of groups of cells that give rise 
to a n e w populat ion of adult polyps i n about 90 h . T h e second group consists 
of a small n u m b e r of undifferentiated interst i t ia l cells capable of rap id pro 
l i feration and subsequent differentiation into a typical adult hydra . T h e con
centration that prevents the formation of the adults from the undif feren
tiated cells is the dose that causes developmental toxicity. A n A / D ratio can 
then be calculated. I f this ratio is greater than 3, it has been suggested that 
the compound is a reproductive toxicant. M o r e than 30 compounds that have 
been tested i n this assay had i n vitro A / D ratios that compared w e l l w i t h in 
v ivo A / D ratios (38, 39). Thus , this assay seems to be extremely promis ing 
i n pred ic t ing the reproduct ive toxicity of certain compounds. 
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Planaria , a system devised by Best and M o r i t a (40) us ing the freshwater 
planarian Dugesia dortocephala, has been used to assess the effects of tox i 
cants on reproduct ion and teratology. Planaria exhibit b i lateral symmetry, 
are hermaphrodit i c , can reproduce sexually or asexually, and have a true 
bra in indicative of complex behavior. Planaria reproduce by fission i n the 
transverse plane w i t h regeneration of the anterior or posterior section. R e 
generation involves the migration of undifferentiated stem cells or neoblasts. 
Because this process resembles embryogenesis , it is thought to be sensitive 
to teratogenic agents. Two exper imental approaches have been developed: 
(1) Surgical fragments of planaria can be exposed to the test material d u r i n g 
regeneration to assess the effect of the compound on the rap id mult ip l i cat ion 
of cells, or (2) intact planaria can be exposed to the test material and exam
ined for morphologic or behavioral abnormalit ies. This assay has been shown 
to be less sensitive to three k n o w n teratogens than the h y d r a assay (41). 

Lower Vertebrate Embryos. F i s h , (Japanese medaka, ra inbow trout, 
fathead minnow, and zebra fish), have been used to test for adverse repro 
duct ive outcomes, but only a few compounds have been evaluated i n fish. 
T h e medaka seems to be the most promis ing species, because it is smal l , 
oviparous (producing eggs that hatch outside the body), and easy to culture 
i n the laboratory; m u c h of its biology is k n o w n ; and it has a clear chor ion 
(outer embryonic membrane) so that adverse changes can easily be seen at 
various stages of development. A n u m b e r of e n d points can be moni tored , 
inc lud ing death, specific malformations, de layed hatching, and functional 
ones, such as impa i red s w i m m i n g movements. Exposure can be done d i 
rectly into the water (42) or by microinject ion of the embryo at various stages 
of development (43). T h e most extensive studies have been undertaken by 
Birge et a l . (42), who found rainbow trout to be the most sensitive to tera
togenic agents, fol lowed by goldfish, sunfish, and largemouth bass. I r re 
spective of whether exposure was to inorganic or organic compounds, the 
majority of the malformations invo lved the skeletal system. 

In frogs, the frog embryo teratogenesis assay (known as F E T A X ) , uses 
the South Afr ican c lawed toad, Xenopus laevis. F e r t i l i z e d eggs are exposed 
to the toxicant i n question for the first 96 h of development , and the m e d i u m 
is replaced every 24 h . After 4 days, the surv iv ing embryos are fixed i n 
formal in , malformations noted, and the developmental stage de termined 
(44). T h e n u m b e r of dead embryos are recorded daily. A 96-h L C 5 0 (mortal
ity) and E C 5 0 (concentration induc ing terata i n 5 0 % of the surv iv ing e m 
bryos) are determined . T h e teratogenic index ( L C 5 0 / E C 5 o ) is calculated. B o t h 
methotrexate and 5-azacytidine, w h i c h are h ighly teratogenic i n F E T A X , 
have also been shown to be teratogenic i n mammal ian and i n h u m a n studies. 
Aspartame and amaranth, w h i c h are both weak teratogens or negative i n 
F E T A X , have not been shown to be teratogenic i n humans (45). E y e defects 
and anencephaly (lack of cerebral hemispheres) have been observed i n both 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

7

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 
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mammal ian assays and F E T A X (46, 47) fo l lowing exposure to methotrexate. 
I n humans, absence of frontal bones and premature c losing of the bra in su
tures have been documented i n ch i ldren whose mothers were exposed to 
methotrexate (48). It has been shown that cytochrome P-450 enzymes can 
be added to the F E T A X assay to metabolize teratogens such as d i p h e n y l -
hydantoin to active intermediates. Craniofacial defects have been found i n 
ch i ldren born to mothers treated w i t h hydantoin for epi lepsy d u r i n g preg 
nancy (49). 

Mammalian Embryos. In the pre implantat ion assay early mammal ian 
embryos are col lected through the blastocyst stage and cu l tured i n i n vitro 
in serum-amended media (50, 51). Exposure of the embryo can be under 
taken d u r i n g cu l tur ing or by exposure of the mother before the embryo is 
f lushed from the reproductive tract. Morpho log i ca l alterations i n develop
ment to the blastula stage, hatching from the zona pe l luc ida , attachment to 
a culture d ish , and outgrowth of the three types of cel ls , are the e n d points 
measured i n the assay. To date, only a few compounds (cyclophosphamide, 
cadmium chlor ide , irradiat ion, methylmercury , mercur i c chlor ide , potas
s ium dichromate, n i troquinol ine N-oxide , mi tomyc in C , b l eomyc in , d i e t h -
ylst i lbestrol , and ochratoxin A) have been evaluated for reproduct ive toxicity 
us ing this assay (52). Cyto logical end points, such as sister chromatid ex
changes and chromosomal aberrations, have been detected in the embryos 
that have shown adverse effects. Extrapolat ion of these findings to humans 
is difficult, because under normal conditions, only 10% of embryos i n the 
mouse are lost dur ing the first few days after fert i l izat ion, whereas i n h u 
mans, this may be as h igh as 7 5 % (53). 

T h e postimplantation assay, w h i c h was original ly developed by N e w 
(54), involves the removal of 9- or 10-day-old (equivalent to 4 -12 somites) 
mice or rat embryos from the uterus fol lowed by i n v i tro cu l tur ing i n rat and 
human serum for a per iod ranging from 1 to 48 h (55-57). D u r i n g incubation, 
test chemicals are added to the m e d i u m . After exposure, embryos are ex
amined for changes i n heartbeat, yolk sac c irculat ion, c rown r u m p length , 
somite numbers , closed or open neural tubes, otic and optic vesicles, and 
development of l imbs. A morphological scoring system for teratogenic 
changes i n rats has been developed by B r o w n and Fabro (58). I n addit ion to 
morphological characteristics, various b iochemical parameters, inc lud ing 
prote in content, D N A content, uptake of 3 H - t h y m i d i n e and 1 4 C - a m i n o acids 
into D N A and proteins, respectively, can be measured. 

A study by S c h m i d (59), i n w h i c h act inomycin D , azathioprine, co l ch i 
c ine, coumarin , doxorubic in , hycanthone, ketoconazole, methotrexate, and 
trypan blue were used, demonstrated that the n u m b e r of somites after ex
posure was as rel iable an index of teratogenicity as any other morphological 
change. However , the author also de termined that each compound e l i c i ted 
a specific response result ing i n a defect at a part icular embryonic sites. T h e 
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concentrations that e l i c i ted a teratogenic response ranged from 3 n g / m L (ac-
t inomyc in D) to 150 jxg /mL (trypan blue). Results of this study (59) were 
similar to those obtained i n i n v ivo studies w i t h act inomycin D (60), hycan-
thone (61), and methotrexate (62). A l though coumarin was shown to cause 
central nervous system malformations i n this assay (89) and has been i m p l i 
cated i n congenital defects of the central nervous system i n humans (63, 64), 
it was negative i n i n v ivo studies i n rabbits (65) and mice (66). 

Advantages and Disadvantages of In Vitro Assays. In v i tro assays have 
many advantages as w e l l as a n u m b e r of inherent problems. Advantages are 
the relatively low costs, the s impl ic i ty and the rapidity w i t h w h i c h results 
are obtained, the many permutations that can be used for the scientific pro 
tocol, the precise control over exposure to a specific developmental stage of 
the embryo , the composit ion of the culture m e d i u m , the concentration of 
the test compound, and the durat ion of exposure. T h e major disadvantages 
inc lude the isolation of the embryo from the mother, thus e l iminat ing the 
modulat ion of the maternal metabolic system and the difficulty i n assessing 
the long-term consequences of b r i e f embryonic exposures used i n these as
says. Add i t i ona l problems inc lude the lack of standardization of the methods 
and quantitation of normal and abnormal embryon ic development . T h e i n 
f luence of chronic exposure cannot be analyzed by any of these methodolo
gies, and the extrapolation of the results found i n laboratory animals to that 
of humans is difficult. However , i n v i tro assays do have potential value for 
the future, as a good correlation between i n v i tro and i n v ivo studies for a 
few compounds has been documented. 

I n V i v o M a m m a l i a n A s s a y s . Mammalian Three-Generation Stud
ies. I n these reproductive toxicity tests, three generations of animals are 
exposed to the toxic agent i n question at various dose levels. T h e test sub
stance is administered to both parents throughout the study; the highest 
dose leve l is toxic to the test animal and the lowest is innocuous (67). F o l 
l owing exposure of the animals d u r i n g gestation, various developmental pa 
rameters are measured i n the pups. Offspring of the mat ing are continuously 
exposed to the compound, weaned, a l lowed to mature, and mated among 
themselves. This procedure is fol lowed for three succeeding generations. 
The advantage of this technique is the determinat ion of the effect d u r i n g i n 
utero exposure and subsequent reproduct ive performance. A complicat ion 
that does arise is the selection of the animals for mat ing for the succeeding 
generations. F e t a l survival , l i t ter size, and weight of the pups may affect the 
selection process. A t the end of each reproduct ive cycle, a l l the pups are 
examined for physical abnormalities. T h e n u m b e r of v iable , s t i l lborn , and 
dead pups i n each l i t ter is recorded, and the numbers of survivors on days 
1, 4, 7, 14, and 21 are recorded. Body weight of the pups is recorded at 
weaning. Two indices, the gestation index and the v iabi l i ty index (VI), can 
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be calculated. T h e gestation index, w h i c h is a measure of the percentage of 
pregnancies result ing i n l ive l itters, is not a meaningful measure, because it 
does not take into account st i l lborn pups unless the whole l i t ter succumbs. 
T h e V I refers to the percentage of pups that survive for a specific per iod . 
This index is extremely important , because early survival of the pups may 
be dependent on the excretion of a toxic compound into the m i l k of the 
lactating dam and subsequent ingestion by the pups. 

In these three-generation studies, a n u m b e r of parameters cannot be 
measured. F o r example, the actual l i t ter size is seldom k n o w n , because the 
mothers are not sacrificed after partur i t ion . N o information is col lected on 
sperm moti l i ty or viabil ity. Groups of untreated control animals must be 
inc luded i n these studies so that comparisons w i t h the exposed group can 
be made. T h e reproductive organs of only pups not be ing used for breed ing 
can be evaluated by weighing or by examination for histological changes. In 
most studies, only the male reproductive organ, that is, the testicle, is stud
i ed , but i n some situations, the ovary may be examined. 

Mammalian Single-Generation Studies. In single-generation repro
ductive studies, both male and female animals receive the compound for 60 
days pr ior to conception and then through gestation. T h e effect on l ib ido , 
estrus cycle, reproductive capability, toxicity of the compound to both 
mother and fetus, postnatal pup development , and adequacy of lactation in 
the mother can be evaluated. In these conventional reproduct ion studies, 
the animals are mated once or twice fo l lowing exposure to the test chemical . 
A new protocol , known as the F e r t i l i t y Assessment by Cont inuous Breed ing , 
w h i c h has been developed by the Nat ional Toxicological Program (NTP) , 
allows mul t ip le matings for each pair of animals d u r i n g the 14 weeks of co
habitation and exposure to the toxicant. In these studies, females generally 
de l iver four to five litters d u r i n g the exposure per iod ; thus, a meaningful 
fert i l i ty index can be calculated (68). 

Another approach, one that is used more frequently, is the administra
t ion of the toxicant to the mother fo l lowing mating. Several dose levels of 
the chemical are administered to different groups of females. T h e highest 
dose is based on the m a x i m u m tolerated dose ( M T D ) and frequently results 
i n maternal toxicity, whi le the lower doses are set at specific fractions of the 
M T D . To prevent cannibal ism of the pups, the fetuses are usually de l ivered 
by caeserean section pr ior to their expected date of b i r t h . T h e newborn pups 
are examined for external and internal abnormalit ies. A major p r o b l e m as
sociated w i t h this approach is that teratogenic changes that w i l l occur later 
i n life are not detected. A modi f ied exper imental protocol that has been used 
by many investigators is exposure of the rodents on days 1 through 19 of 
gestation to the toxicant fo l lowed by sacrifice of the dams and removal of the 
fetuses for morphological and sometimes histological evaluation. F r e 
quently, the route of exposure is s imilar to that w h i c h humans w o u l d e n 
counter, but the outcomes are different. 
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Effects of Chemicals on Reproductive Outcomes in Laboratory Animals. 
Single-generation assays have found many common solvents to be terato
genic or embryotoxic i n rodents. These inc lude benzene (69), xylene (70), 
cyclohexanone (71), propylene glycol (72), alkane sulfones (73), glycol ethers 
(74), acetamides, and formamides (75). 

I n general , insecticides appear to have l ow embryotoxic potential i n 
mammals, but a n u m b e r of teratogenic effects have been recorded w i t h or-
ganochlorine insecticides, inc lud ing a ldr in , d i e l d r i n , and endr in i n the 
mouse and hamster (76). A few carbamates and organophosphates, such as 
carbaryl in the guinea p i g (77) and dog (78), demeton (79), and parathion 
(80) i n the mouse, and dichlorvos i n the rabbit (81), are k n o w n to be tera
togenic. E v i d e n c e that the fungicides mancozeb, dinocap, and nitrofen are 
potent teratogens has been presented (82). D D E , a metabolite of 1,1,1-
trichloro-2,2-bis(p-chlorophenyl)ethane ( D D T ) is known to have detr imental 
effects on reproduct ion i n birds by interfer ing w i t h the hormonal activity of 
estrogen, w h i c h results i n decreased deposit ion of ca lc ium i n the eggshell . 
The hormone methyltestosterone has been shown to be teratogenic i n dogs, 
result ing i n pseudohermaphrodit ism i n female offspring (83). A study by 
Ne l son et a l . (84) that assessed the developmental toxicity of 13 alcohols 
showed that teratogenic effects were not e l i c i ted by low-molecular-weight 
alcohols (methanol and ethanol), as had been original ly hypothesized. A l so , 
the concentrations that e l i c i ted effects exceeded 5000 p p m and caused m a 
ternal toxicity. 

Epidemiological Studies in Humans 
Epidemio log i ca l studies for reproductive loss are usually undertaken using 
retrospective approaches, inc lud ing personal interviews and medical re 
cords. I f only personal in terv iew data are used, many confounding factors 
can interfere w i t h an accurate assessment of a spontaneous abortion. P a 
tients are frequently confused about delayed menstruation and cannot recal l 
events. The confirmation of a miscarriage through medical documentation is 
thus necessary to obtain relevant data (67, 85). Selection bias of exposed and 
nonexposed w o m e n must also be avoided i n these studies. A n u m b e r of fac
tors not invo lv ing exposure have also been associated w i t h spontaneous abor
t ion. These inc lude maternal age, previous spontaneous abortions, cervical 
incompetence, maternal fever (78, 85, 86), d iet , health status, and weight 
(87). 

I n an epidemiological study, evaluation of t i m i n g and durat ion of expo
sure is crucial . Exposure of the father for 4 months pr ior to conception must 
be monitored , because this is the interval r equ i red for a complete cycle of 
spermatogenesis. Possible fetal exposure d u r i n g the first tr imester is the 
most important , although exposure dur ing the second and t h i r d trimesters 
can result i n adverse effects. Quanti f ication of exposure is frequently the 
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most difficult parameter to measure. A n innovative approach that has been 
appl ied i n assessing exposure has been biological markers, w h i c h are non 
invasive measures of dose that can be related to potential adverse reproduc
tive outcomes (88). U r i n a r y mutagens, thioethers, or D -glucaric are fre
quent ly measured biomarkers. However , use of these biomarkers requires 
information about their normal values, inter - and intravariabi l i ty among i n 
dividuals , and possible confounding effects. 

To assess the effect of exposure on reproduct ive outcomes, two sequen
tial epidemiological techniques, descriptive and analytical have been used 
(89, 90). In descriptive studies, information regarding the d istr ibut ion and 
frequency of an outcome is obtained. T h e impetus for these studies is usually 
based on an increased n u m b e r of case reports on spontaneous abortion or 
teratology i n a particular geographical area. T h e second stage is an analytical 
study designed to test a hypothesis or to generate a new hypothesis about 
an association between exposure and reproduct ive outcomes. E i t h e r case-
control or cohort studies are used. I n the case-control study, a retrospective 
assessment of the exposure factors of the cases and controls is per formed. I n 
a cohort study, both individuals exposed and not exposed to a particular 
factor are fol lowed over t ime; e ither retrospective or prospective techniques 
are used to observe the outcome of interest. 

Chemicals Causing Spontaneous Abortion. A n u m b e r of c h e m i 
cals have been impl icated as be ing abortifacient i n humans, although def in
it ive epidemiological data on many compounds are st i l l lacking (91). H o w 
ever, there is some evidence that arsenic, lead, and anesthetic gases can 
cause spontaneous abortion, part icularly d u r i n g the early weeks of preg 
nancy. Extensive epidemiological studies i n Sweden by Nors t rom and co
workers (92-94), have reported an increased prevalence of spontaneous 
abortion i n w o m e n l i v i n g close to or w o r k i n g i n a smelter that discharges 
arsenic and lead. Decreased b i r t h weight of offspring not associated w i t h 
cigarette smoking was shown (94). 

H e a l t h providers seem to be at greater risk of adverse reproduct ive out
comes than many other occupationally exposed groups. F o r example, e p i 
demiological studies have shown that exposure of operating room nurses and 
female anesthesiologists (95, 96) to anesthetic gases resulted i n an increased 
rate of spontaneous abortion, compared w i t h unexposed control w o m e n . 
Also , exposure of nurses d u r i n g the first tr imester to antineoplastic drugs, 
inc lud ing cyclophosphamide, doxorubic in , and v incr ist ine , has resulted i n 
an increased incidence of fetal loss (97). T h e independent effect of each d r u g 
could not be proved, because more than one d r u g was handled b y each 
nurse dur ing the exposure per iod . 

In F i n l a n d , an increase i n spontaneous abortion was also observed i n 
w o m e n invo lved i n the steri l ization of hospital instruments using ethylene 
oxide (98). Exposure of personnel ranged from 5 to 10 p p m , there were 
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occasional acute concentrations of 250 p p m . N e i t h e r teratogenic effects nor 
decreased b i r t h weights were observed. A l t h o u g h ethylene oxide ranks 26th 
i n the vo lume of organic chemicals produced i n the U n i t e d States, less than 
1% is used i n hospitals (5). 

A second cohort that may have a h igher risk of spontaneous abortions 
are workers exposed to pesticides. A significant increase i n abortions among 
occupationally exposed couples i n India has been reported (99-101). These 
workers were exposed to n ine pesticides, in c lud ing D D T , d i e l d r i n , d i ch lor -
vos, parathion, metasystox, and copper sulfate. A n increase i n chromosomal 
aberrations i n lymphocyte was also documented i n these sprayers (102). 

In Sweden, a statistically h igher rate of miscarriage was found among 
w o m e n work ing at a petrochemical plant, but no differences were observed 
i n w o m e n l i v i n g close to the plant (103). A s imilar nonsignificant increase i n 
reproductive outcomes was noted i n a group of w o m e n l i v i n g close to a p h e n -
oxy herbic ide plant (104). 

Chemicals Causing Teratology. Teratogenic effects are usually 
manifest at b i r t h , but w i t h some compounds an adverse response is noted 
only d u r i n g the teens or early twenties. F o r example, prenatal exposure of 
males to diethylst i lbestrol , a d r u g used to prevent miscarriage, resulted i n 
abnormalities i n the male reproduct ive tract, manifested as ep id idymal 
cysts, seminal vesicle enlargement, prostatic in f lammation , undescended 
testes, and the product ion of abnormal sperm (105). B y interfer ing w i t h the 
male hormones necessary for development and differentiation of the male 
reproductive tract, prenatal diethylst i lbestrol exposure was responsible for 
morphological abnormalities expressed i n later life. I n the case of the female 
fetus exposed i n utero to diethylst i lbestrol , adenocarcinoma, a malignant 
cancer of the reproductive tract, has been diagnosed i n a n u m b e r of young 
women . 

M e r c u r y is the metal for w h i c h the greatest documentation of teratology 
has been recorded. D u r i n g the per iod of 1954-1960, the populat ion of M i n 
amata Bay i n Japan was exposed to methy lmercury v ia the food chain. A 
chlor-alkal i plant, i n w h i c h mercury was used as a catalyst, discharged its 
wastes into the bay. Subsequent methylat ion of the mercury by bacteria and 
uptake of the l ipophi l i c methy lmercury by fish resulted i n bioconcentration 
of the compound into fat and muscle . Because fish was the staple source of 
prote in for the inhabitants of the area, a n u m b e r of people were exposed to 
the compound. Infants exposed i n utero v ia the consumption of contami
nated fish by their mothers demonstrated vary ing degrees of neurological 
symptoms resembl ing cerebral palsy (106, 107). S imi lar effects of mercury 
on development has also been documented i n the U n i t e d States (108) and 
Iraq (109) fo l lowing accidental inc lusion of mercurous fungicides into grains. 

O t h e r metals for w h i c h epidemiological evidence exists regarding their 
teratogenic effects are a l u m i n u m and l i t h i u m . I n a study i n South Wales , a 
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significant positive correlation between central nervous system malforma
tions and a l u m i n u m was noted (110). L i t h i u m i n the form of l i t h i u m carbon
ate, w h i c h is used therapeutically to treat psychiatric disorders, has been 
associated w i t h teratogenicity i n infants b o r n to mothers exposed d u r i n g the 
first tr imester of pregnancy (111, 112). 

Acc identa l exposure of more than 2000 people to cooking o i l contami
nated w i t h polychlor inated b iphenyls ( P C B ) and dibenzofurans d u r i n g a 6-
month per iod i n Taiwan resulted i n teratogenicity. M a l f o r m e d ch i ldren were 
st i l l be ing born to mothers exposed more than 6 years previously to the 
cooking o i l (113). This long-lasting phenomenon may be related to the bioac-
cumulat ion i n fatty tissue of the ingested P C B , w h i c h i n humans has an 
estimated half-life of 7 years. Abnormal i t ies of the gingiva, sk in , nails, teeth, 
and lungs were observed i n a statistically larger percentage of offspring of 
exposed mothers. Neurological ly , the exposed infants d i d not differ from the 
unexposed controls, but a delay i n the performance of certain tasks r equ i r ing 
motor coordination was observed. Also , the exposed ch i ldren scored lower 
on three I Q tests. A n earlier study i n Japan w i t h a smaller cohort of ch i ldren 
whose mothers had been exposed to thermal ly degraded cooking o i l showed 
similar abnormalities (114). A t 7 years of age, 7 0 % of these Japanese ch i ldren 
were apathetic and had IQs i n the 70s. 

Conf l i c t ing reports on the teratogenic potential of 2 ,4 ,5 - tr ichlorophen-
oxyacetic acid (2,4,5-T) and its major contaminant 2 ,3 ,7 ,8-tetrachlorodiben-
zodioxin has appeared i n the l iterature (5). A n extensive study, b y the U . S . 
Department of Defense on 0.5 m i l l i o n exposed Vietnamese, reported no 
increased incidence of e i ther miscarriages or teratogenic outcomes (115), 
whereas an A m e r i c a n Association for the Advancement of Science (AAAS) 
report showed an increase i n cleft palate and spina bi f ida i n ch i ldren i n V ie t 
nam from 1964 to 1968 (116). A study by L a P o r t e (117) substantiated the 
results of the A A A S , whereas a study by Kundstadter (J 18) found no i n 
creased incidence from the retrospective examination of hospital records. 

Li fe -style factors, such as smoking and consumption of ethanol , have 
been clearly impl i cated as teratogenic agents. Smoking d u r i n g pregnancy 
has been associated w i t h reduced b i r t h weight of infants (J 19) and an i n 
creased risk of spontaneous abortion (85,120). This effect, w h i c h has been 
coupled to growth retardation, has been found to be more pronounced i n 
blacks than whites (121). A prevalent syndrome, k n o w n as fetal alcohol syn
drome, has been diagnosed i n infants whose mothers consumed more than 
two drinks per day dur ing pregnancy (122). These ch i ldren have vary ing 
craniofacial malformations inc lud ing midfacial and maxil lary hypoplasia ( in
complete development) , microencephaly (small brain), abnormal joints, and 
heart abnormalities. T h e y also have severe growth deficiencies and inte l lec 
tual handicaps (123). 

Drugs that are known h u m a n teratogens inc lude thal idomide ; andro
gens; aminopter in (2); coumarin derivatives; tr imethadione, an ant iconvul -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

7

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



82 ENVIRONMENTAL EPIDEMIOLOGY 

sant; and isotret inoin, used i n aene treatment (124). Isotretinoin contains an 
aromatic ret ino id , etretinate, used to treat sk in diseases. Malformations i n 
newborns manifested as craniofacial and l i m b defects were reported to be 
associated w i t h intake of etretinate by pregnant mothers (125). Three 
aborted fetuses examined by these investigators were found to have severe 
central nervous system anomalies. 

Chemicals Affecting the Normal Production of Spermatozoa. 
Male -mediated adverse reproduct ive outcomes result e i ther from direct 
chemical effects on the testes and germ cells or through interference w i t h 
the steroidogenic function of the testes. Dibromochloropropane ( D B C P ) , a 
potent alkylating agent that was developed as a pesticide, is known to inh ib i t 
(azoospermia) or decrease (oligospermia) the development of sperm. R e 
duced sperm counts, testicular atrophy, and decreased fert i l i ty were docu 
mented i n male employees i n a plant manufacturing D B C P (126,127). S i m 
i lar reproductive effects were noted i n occupationally exposed workers 
apply ing the nematocide (128). Subchronic exposure of laboratory animals 
to D B C P produced similar changes to those observed i n humans (129). 

A second compound that alters sperm product ion is lead, w h i c h pro 
duces malformed sperm (teratospermia) i n the ejaculate (130). However , no 
relationship between the abnormally shaped sperm and adverse reproduc
tive outcomes have been established (131). Deleter ious changes i n l y m p h o 
cytes and sperm have been documented among male workers exposed to 
arsenic and lead at a smelter, there were respective increases i n chromo
somal aberrations i n cu l tured lymphocytes and impa i red morphology and 
mot i l i ty of sperm (132). Because these workers were concomitantly exposed 
to cadmium and other smelter fumes, the effects may not be due to a par
ticular metal alone but rather due to a synergistic interaction between more 
than one toxin simultaneously. 

Extrapolation from Animal Studies to Humans. I n extrapolating 
from animal studies to humans, a n u m b e r of factors must be taken into con
sideration: T h e appropriate laboratory animal must be u t i l i z ed , the n u m b e r 
of animals on each treatment must al low for statistical evaluation, and the 
dose levels should be relevant to human exposure. 

F a r more animal than h u m a n teratogens have been identi f ied because 
of the way i n w h i c h we are able to test animals. E x p e r i m e n t a l animals have 
a short reproductive cycle and mul t ip le offspring. Therefore, a large n u m b e r 
of fetuses can be examined i n a short t ime and at relat ively low cost. A n 
equivalent human epidemiological study w o u l d cost mi l l ions of dollars and 
require a n u m b e r of years. T h e dosage administered to animals can be ad 
justed so that it is many times greater than w o u l d be expected i n a normal 
human exposure situation. T h e experiment may also be designed to corre
late exposure of the embryo or fetus w i t h its most sensitive t ime i n deve l -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

7

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



7. S H A N E Reproductive Toxicants in Animals and Humans 83 

opment (I). A l l of these factors improve the possibi l i ty of ident i fy ing a c h e m 
ical compound as a teratogen i n animals. 

A n i m a l studies are, however, not without fault. T h e variation i n geno
type among different individuals influences their response to a teratogen and 
hence their susceptibi l ity to a particular toxicant. E v e n greater variations i n 
genotype exist among different species. Therefore, a chemica l proved to be 
nonteratogenic i n a certain laboratory species may w e l l be teratogenic i n a 
different laboratory species or even i n humans. A classic example is that of 
thal idomide. The laboratory animals most w ide ly used i n teratogenicity test
ing (mouse, rat, and rabbit) are 5-500 times less sensitive than humans to 
this sedative (5), w h i c h is one of the most potent h u m a n teratogens known . 

F r o m a risk perspective, however, animal studies have generally been 
good predictors of teratogenicity. Studies by Schardein (133), Fabro (134), 
and Jelovsek et a l . (135) have indicated that h u m a n teratogens y i e l d positive 
results i n animal and i n v i tro studies more often than do nonteratogens. It 
has been estimated that 7 5 % of h u m a n developmental toxicants can be pre 
d icted on the basis of animal studies only (136), but unfortunately false-neg
ative results are also h igh (25%). 

O t h e r factors for consideration are the combinations and permutations 
of chemicals after they enter the environment . E v e n i f a chemical is found 
to be nontoxic i n animal studies, the safety of the chemical can not be e n 
sured. T h e possible potentiation of a chemica ls effect by its interaction w i t h 
other chemical agents or other toxic factors once it enters the environment 
cannot be dismissed. 

Conclusion 
It is evident that many possible adverse health effects may result from ex
posure to the numerous chemicals i n the environment . Exposure of both 
male and female organisms to chemicals d u r i n g the reproductive cycle can 
have deleterious effects on the development of the fetus. These effects are 
manifested as fetal death, malformation, retarded growth, and organ dys
function. O u r knowledge of the adverse health effects that are produced as 
the result of a complex network of factors is l i m i t e d . This is the key point : 
M u c h is unknown about the chemicals to w h i c h humans are exposed and 
how they interact w i t h biological systems. There is m u c h progress to be 
made i n def ining the incidence of such effects, the magnitude of dose i n 
specific exposure situations, and the possibi l ity of interactions among causes. 
To a id i n assessing whether a compound is a teratogen, a n u m b e r of short-
t e rm i n vitro assays have been developed and are presently be ing val idated. 
T h e progress made so far has indicated the importance of l i m i t i n g exposure 
to chemicals to the most practical and feasible extent. F u t u r e research efforts 
should be d irected toward establishing the mechanisms of toxicological ef
fects and developing more accurate means of identi fy ing hazardous c om
pounds. 
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8 
The Gene-Tox Program 
Data Evaluation of Chemically Induced Mutagenicity 

Michael C. Cimino and Angela E. Auletta 

Office of Pollution Prevention and Toxics, Health and Environmental Review 
Division (7403), U . S . Environmental Protection Agency, Washington, DC 20460 

The Gene-Tox Program of the U.S. Environmental Protection Agency 
is a multiphased effort to review and evaluate the existing literature 
in genetic toxicology (mutagenicity). In Phase I it selected assay sys
tems for evaluation, generated expert panel reviews of the data from 
the scientific literature, and recommended testing protocols for the 
systems. Phase II established and evaluated the database for its rel
evance to identifying human health hazard. The ongoing Phase III 
continues reviewing the literature and updating chemical genetic tox
icity data. Currently, data exist on over 4000 chemicals in 36 assay 
systems. The panel reports are published in the scientific literature, 
and the data are also publicly available through the National Library 
of Medicine TOXNET system. Public availability should increase 
Gene-Tox's utility, expand its analysis, and affect the manner and 
speed of its update. 

T H E GENE-TOX PROGRAM of the U . S . E n v i r o n m e n t a l Protect ion Agency 
( U . S . E P A ) is a mult iphased effort to rev iew and evaluate the existing l i t e r 
ature i n chemical ly induced genetic toxicology. It has been an ongoing pro j 
ect under the Office of Po l lut ion Prevent ion and Toxics (formerly the Office 
of Toxic Substances) since its incept ion i n 1979. T h e first phase of the pro 
gram, Phase I, was devoted to the selection of bioassays to be evaluated, the 
evaluation of l iterature by work groups of experts i n each area, and the p u b 
l ication of reports of the result ing reviews. T h e second phase, Phase I I , was 
devoted to the establishment of a database of chemicals evaluated by each 
work group and the analysis of that database. T h e last and current phase, 
Phase III (ongoing efforts), is devoted to the cont inued rev iew of selected 
assays and the update of the database. Reports of a l l three phases are p u b -

This chapter not subject to U.S. copyright 
Published 1994 American Chemical Society 
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90 ENVIRONMENTAL EPIDEMIOLOGY 

l ished in the "Reviews in Genet ic Toxicology" section of the journal Muta
tion Research (Appendix). Recently, the database has been made available 
on-line through the Toxicology Data Network system ( T O X N E T ) of the N a 
tional L i b r a r y of M e d i c i n e ( N L M ) . 

Phase I 
Work Groups. D u r i n g Phase I of the Program, work groups of ex

perts reviewed and evaluated the publ ished literature for 36 selected assays 
(Table I) to determine the following for each system: Its validity; the c h e m 
icals for which it was best-suited (chemical-specific sensitivity of the system); 
its proper test protocol; and the appropriate techniques of data analysis, 
interpretation, and presentation. 

In addition, each work group was asked to evaluate the assay s ability to 
discriminate between mutagens and nonmutagens or carcinogens and n o n -
carcinogens; to evaluate the systems performance with chemicals of various 
classes and to identify chemicals whose effects were not adequately de 
tected; to formulate generalized protocols and criteria for data evaluation 
and validation; to identify areas requir ing additional research or further de 
velopment and validation; and to publish an evaluation of the assay in the 
open literature. 

Literature. Literature for evaluation was provided to the work 
groups by the E n v i r o n m e n t a l M u t a g e n Information C e n t e r ( E M I C ) , O a k 
Ridge National Laboratory, Oak Ridge, Tennessee. E M I C selected only the 
portion of the available literature that met the following criteria: T h e article 
was a primary paper publ ished in a peer -reviewed journal ; the article dealt 
with chemical mutagenesis, not with radiation-induced mutagenesis; the 
agent studied was a pure chemical ; the article contained quantitative data; 
and the article was publ ished in E n g l i s h or in a language for which E M I C 
had easy access to a translation. 

Evaluation. T h e resulting articles were evaluated by the work groups 
for the following elements: proper use of experimental design; use of positive 
and negative controls; proper selection of solvents and vehicles; acceptable 
spontaneous background mutation frequency or rate; use of metabolic acti
vation systems, if necessary, as for in vitro test systems; use of appropriate 
criteria for positive, negative, or inconclusive results; and provision of d o s e -
response information. This last criterion was not considered critical i f all 
others were met. In addition, each work group was free to apply other c r i 
teria that might be specific to its particular assay. Evaluated chemicals were 
designated as positive ( + ), positive with dose-response data provided 
(+ D ) , positive with metabolic activation only (4- *), negative (—), or eval
uated but with no definitive conclusion (T). 
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8. CIMINO AND AULETTA The Gene-Tox Program 91 

Table I. Assays Evaluated in Phase I and Updated in Phase III, Number 
of Chemicals in Database for Each Assay (As of April 22, 1994), 

and Gene-Tox Report (See Appendix) 

Number of Report 
Assay System Chemicals Number 

Gene mutation 
Salmonella typhimurium" 2469 38 
Escherichia colia 158 3 
Yeast 228 35 
Fungi 56 34 
Plants 221 18,19,24,25 
Drosophila sex-linked recessive lethal0 420 32 
Chinese hamster lung cells (V79)a 192 9 
Chinese hamster ovary cells (CHO) a 121 5,43 
Mouse lymphoma L5178Y cells0 45 30 
Mouse spot test0 27 7 
Mouse visible specific locus test0 22 6 

Chromosomal effects 
Yeast 74 29 
Fungi 25 12,13 
Plant cytogenetics 289 17,20,21,22,23 
Drosophila 70 36 
Mammalian cytogenetics in vitro 0 94 10 
Mammalian cytogenetics in vivo 0 44 10 
Micronucleus assay0 417 31,44 
Dominant lethal assay0 139 37 
Mouse heritable translocation assay0 16 4 

D N A damage and repair 
Repair-proficient and -deficient 526 11 

bacteria 
Sister chromatid exchange in vitro 0 642 8,45 
Sister chromatid exchange in vivo 94 8,45 
Unscheduled D N A synthesis 207 33 
D N A repair 49 14 

Oncogenic transformation 
Cell strains 115 26 
Cell lines 163 26 
Viral enhancement 222 26 

Ancillary assays 
Host-mediated assay 207 15 
Body fluid analysis 42 15 
Sperm morphology 226 27,28 

N O T E : The following assays will be added in Phase III; Drosophila SMART (somatic muta
tion and recombination test); Chinese hamster ovary cells (AS52); and mouse biochemical 
specific locus test. 
"Phase I assays that are being updated in Phase III. 
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92 ENVIRONMENTAL EPIDEMIOLOGY 

Results of Phase I. B y the end of Phase I , the work groups had 
publ i shed 37 review articles, 36 concerned w i t h assays i n genetic toxicology 
and 1 descr ib ing the establishment of the Gene-Tox carcinogen database (I ; 
see also Appendix) . 

Phase 11 
Fundamental Questions. I n addit ion to the pub l i shed reports, a 

computer database of over 2000 chemicals had been established at E M I C 
(2). A t the outset of the Gene-Tox Program, it was anticipated that this data
base w o u l d be amenable to the type of analysis that w o u l d answer a series 
of fundamental questions i n genetic toxicology: 

• W h a t genetic and related end points are of concern to h u m a n 
health? 

• H o w can toxicologists dist inguish test systems that are ready 
for extensive use i n testing from those that should be regarded 
as st i l l i n a developmental stage? 

• W h a t is the sensitivity of each assay i n responding to specific 
classes of chemicals, and what are the major strengths and 
weaknesses of each assay? 

• W h a t correlations exist between the mutagenesis and carcino
genesis end points? 

• Is it possible to devise specialized batteries of bioassays that 
have h igh probabil it ies of detecting the various types of genetic 
and related damage induced by various classes of chemicals? 

• D o i n vitro mutagenesis and carcinogenesis bioassays provide 
comparable estimates of potency (strength of response)? 

• W h a t information gaps and future research needs can be i d e n 
ti f ied, and what mechanisms can be established for cont inuing 
evaluation of the status of test systems? 

Unfortunately, certain characteristics of the database have made such an 
analysis difficult, i f not impossible , to perform. 

Considerations. F o u r considerations are associated w i t h the G e n e -
Tox database. T h e first is that there is no even d istr ibut ion of chemicals 
across assay systems. F o r example, of the more than 1050 chemicals i n the 
Phase I Salmonella database, approximately 200 (~19%) had also been 
tested i n a cancer bioassay. I n comparison, 59 of the approximately 200 
chemicals i n the mouse l y m p h o m a L 5 1 7 8 Y Phase I database (—30%) had 
been tested i n a bioassay. 

The second consideration is that there has proved to be l itt le basis for 
comparative studies of mutagenesis assay systems. In the Phase I database, 
1559 chemicals, or 5 9 % of the total, had been tested in only 1 of the 36 
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8. CIMINO AND AULETTA The Gene-Tox Program 93 

systems. Chemicals that had been tested i n more than one system were , for 
the most part, e ither direct-acting mutagens or those k n o w n to be metabo
l i zed to reactive intermediates by l iver enzyme systems. This may have 
made the sensitivity of the various systems appear unnatural ly h igh . 

T h e t h i r d consideration is that the database is skewed to posit ive test 
results. W i t h the exception of the Salmonella assay, there is a paucity of 
negative test results i n the database i n general and i n the carcinogen data
base i n particular, i n w h i c h only 61 of 506 chemicals evaluated had negative 
results. This preponderance of positive results is a ref lection of the interests 
of the or iginal authors, for w h o m positive results h o l d more al lure. It also 
reflects the greater ease i n prov id ing a conclusive positive result versus a 
conclusive negative one and the reluctance of scientific journals to pub l i sh 
seemingly less interest ing negative data. 

T h e fourth consideration is that the chemicals tested are unevenly d is 
t r ibuted across the 30 chemical classes used i n the Gene-Tox classification 
scheme (List 1). T h e most heavi ly tested classes are class 2 (acyl and ary l 
halides, halogenated ethers and halohydrins , and saturated and unsaturated 
a lky l halides), class 8 (aromatic amines, al iphatic amines, amides, and s u l 
fonamides), class 25 (benzene rings), class 29 (alcohols and phenols), and 
class 30 (heterocyclic rings not otherwise classified and unclassified c o m 
pounds). Such a d istr ibut ion makes an analysis of chemical class specificity 
of the various assays difficult for a l l except the Salmonella assay, i n w h i c h a 
sufficient n u m b e r of chemicals have been tested i n the various classes to 
permit a determination of system performance according to chemical class. 

R e s u l t s o f P h a s e I I , T h e Phase II analysis resulted i n three p u b l i 
cations on the establishment of the database (2), the evaluation of mutagen
ic ity assays for the purpose of genetic risk assessment (3), and the develop
mental status of various assays for genetic toxicology testing (4; see also 
Appendix) . 

Phase 111 
U p d a t i n g . As part of the ongoing Gene-Tox effort, certain assays from 

Phase I have been selected for update (see Table I). I n addit ion , three assays 
not evaluated i n Phase I w i l l be added to the updated database: the Chinese 
hamster ovary ( C H O ) A S 5 2 assay, the Drosophila somatic mutat ion and re 
combination tests ( S M A R T ) , and the mouse b iochemical specific locus test. 

A l though the update process has been s impl i f ied i n comparison w i t h 
that used i n Phase I , the overal l objectives of the program and the basic 
work-group structure remain i n place. O v e r 1500 chemicals have been 
added to the database since the complet ion of Phase I, b r ing ing the total 
n u m b e r of chemicals evaluated to over 4000. T h e basic features of the Phase 
III database are the same as those noted for Phase I. There is st i l l a paucity 
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9 4 ENVIRONMENTAL EPIDEMIOLOGY 

List 1. Chemical Classification Scheme Used in Gene-Tox 

Class Chemicals Included 

1 Acridines, quinacridines, and benzimidazoles 
2 Acyl and aryl halides; halogenated ethers and halohydrins; and saturated 

and unsaturated alkyl halides 
3 Aldehydes and anhydrides 
4 Alkyl epoxides and aryl epoxides 
5 Alkyl sulfates, sulfoxides, sulfones, sulfonates, and organic sulfur 

compounds not otherwise classified 
6 Anthraquinones and quinones 
7 Antibiotics and mycotoxins 
8 Aromatic amines; aliphatic amines and amides and sulfonamides 
9 Aziridines and nitrogen and sulfur mustards 

1 0 Aromatic azo compounds, azoxy compounds, hydrazo compounds, 
diazoalkanes, nitriles, and azides 

1 1 Carbamates, ureas, thioureas, and dicarboximides 
1 2 Dioxins, xanthenes, thioxanthenes, and phenothiazines 
1 3 Halogens and inorganic derivatives, and sulfur and nitrogen oxides 
1 4 Hydrazides, hydrazines, and triazenes 
1 5 Hydroxylamines and amine :N-oxides 
1 6 Lactones and organic peroxides 
1 7 Mineral fibers 
1 8 Nitroimidazoles, nitrofurans, nitroquinolines, nitroaromatics, and 

nitroalkanes 
1 9 Nitrosamides, nitrosoureas, and nitrosoguanidines 
2 0 Nitrosamines 
2 1 Organolead, organomercury, organophosphorus compounds, metals and 

derivatives, phosphoric acid esters, and phosphamides 
2 2 Poly cyclic aromatic hydrocarbons, fluorenones 
2 3 Pyrimidine derivatives, and purine derivatives 
2 4 Steroids 
2 5 Benzene ring 
2 6 Amino acids and derivatives 
2 7 Alkaloids 
2 8 Carbohydrates and derivatives 
2 9 Alcohols and phenols 
3 0 Heterocyclic rings not otherwise classified and unclassified compounds 

of negative test results; the majority of the chemicals evaluated have been 
tested i n only one system, and chemical class d istr ibut ion is essentially u n 
affected. 

Analysis of the Gene-Tox Database. The database for the Salmo
nella assay now totals 2469 chemicals (Table II). O f these, 326 have associ
ated carcinogenicity data (Table III): 268 are classified as carcinogens, and 
58 are classified as noncarcinogens. O f the 268 carcinogens, 210 are positive 
i n Salmonella, and 58 are negative. O f the 58 noncarcinogens, 38 are nega
tive i n Salmonella, and 20 are positive. "Sens i t iv i ty " (the proport ion of 
chemicals testing positive as both mutagens and carcinogens versus the total 
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Table II . The Gene-Tox Salmonella Database 

Test System Result Number of Chemicals Evaluated 

Total number of chemicals evaluated 2469 
Positive chemicals 1100 

Positive without activation 666 
Positive with activation 416 
Positive without activation, negative with 18 

Negative Chemicals 880 
Chemicals with no definitive call 489 

n u m b e r that are carcinogens) is 78%; "speci f ic i ty" (the proport ion of tested 
chemicals that are both nonmutagenic and noncarcinogenic versus the total 
n u m b e r that are noncarcinogenic) is 6 5 % ; and "accuracy" (concordance—the 
proport ion of tested chemicals that are both mutagenic and carcinogenic or 
that are both nonmutagenic and noncarcinogenic, versus the total n u m b e r 
of chemicals for w h i c h there are data i n both systems) is 76%. "Pos i t ive 
pred ic t iv i ty " (the proport ion of tested chemicals that are both carcinogenic 
and mutagenic compared w i t h a l l mutagens i n the assay) is 9 1 % , and "neg 
ative pred i c t iv i ty " (the proport ion of tested chemicals that are noncarcino
genic and nonmutagenic compared w i t h al l nonmutagens i n the assay) is 
39%. 

Analysis of National Toxicology Program (NTP) Database. 
Evaluat ion of the results from the testing init iat ive of the N T P w i t h 114 
chemicals (5) produces figures different from those obtained from the G e n e -
Tox evaluation for the Salmonella assay: a sensitivity of 5 2 % , a specificity of 
9 1 % , a concordance of 66%, positive predict iv i ty of 90%, and negative pre 
dict iv i ty of 5 5 % (Table IV). 

Comparison of Gene-Tox and N T P Databases. In considering 
these differences i n test performances, we should observe several important 
differences between the Gene-Tox and N T P databases. M o s t obvious is the 

Table III. Performance of Salmonella Assay (SAL) in Predicting Rodent 
Carcinogenicity (CCG) 

Result SAL Positive SAL Negative Total 

C C G positive 210 58 268 
(78% 

sensitivity) 
(91% positive 

predictivity) 
C C G negative 20 38 58 

(65% specificity) 
(39% negative predictivity) 

Total 230 96 326 
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Table IV. Comparison of the Gene-Tox and N T P Salmonella Databases 

Database Sensitivity Specificity 
Accuracy 

(Concordance) 
Positive 

Predictivity 
Negative 

Predictivity 

Gene-Tox 210/268 38/58 248/326 210/230 38/96 
78% 65% 76% 91% 39% 

N T P 35/67 43/47 75/114 35/39 43/78 
52% 91% 66% 90% 55% 

S O U R C E : N T P data are taken from reference 5. 

order of magnitude difference i n the numbers of chemicals for w h i c h there 
are data i n the two databases. I n the case of the Salmonella assay, the system 
for w h i c h the greatest n u m b e r of chemicals have been tested, more than 
2400 chemicals have test data i n Gene-Tox versus 114 for N T P . M o r e i m 
portantly, the chemicals inc luded i n the N T P program were selected accord
ing to def ined cr i ter ia and were tested according to prearranged and stan
dardized protocols, whereas chemical selection i n Gene-Tox database is 
more random (based on ind iv idua l authors' interests), and the protocols are 
varied . However , i n the case of the Salmonella assay, the most l ike ly reason 
for the reported differences i n sensitivity, specificity, predict ive ability, and 
concordance is probably related to chemical class d is tr ibut ion of the agents 
tested. 

T h e Gene-Tox chemical classification scheme is based on selected or
ganic functional groups, r ing systems, biological origins, and organic c o m 
position. Carcinogens that have been tested i n the Salmonella assay are 
more apt to be classified as halides, epoxides, sulfur compounds, mustards, 
xanthenes, nitro and nitroso compounds, nitrosamines, metals, polycycl ic 
aromatic hydrocarbons (PAHs) , steroids, and benzene rings than w o u l d be 
expected i f the chemical sampling were random. 

Noncarcinogens i n the Gene-Tox Salmonella database are pr imar i l y h a l 
ides (class 2), aromatic amines (class 8), carbamates and ureas (class 11), n i tro 
compounds (class 18), P A H s (class 22), and benzene r i n g compounds (class 
25). 

Usefulness of Mutagenicity Assays. O n the basis of this analysis, 
it appears that the Salmonella assay can be a useful tool for ident i fy ing ro 
dent carcinogens, as long as attention is pa id to the importance of chemical 
class w h e n results are interpreted . 

Public Availability. The Gene-Tox database is now pub l i c ly available 
through the T O X N E T system of the N L M . T h e T O X N E T unit record for 
the Gene-Tox database is shown i n L i s t 2. This is the structure of the record 
as used by the N L M ; it shows the abbreviated f ie ld names used i n storing 
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List 2. T O X N E T Gene-Tox Unit Record: 
Field Names and Descriptions 

0. ** Administrative information 
G T N Gene-Tox number (sequential order) 
D A T E last revision date 
R L E N record length 
U P D T update history 

1. ID ** Substance identification 
N A M E name of substance 
R N C A S Registry Number 
SY synonyms 
C C A T chemical classification category 

2. M S T U ** Mutagenicity studies 
G E N B Gene-Tox evaluation B (post-1980) 

[species/cell type] 
[sex] 
[assay type] 
[assay code] 
[results] 
[activation] 
[dose response] 
[reference] 
[panel report] 

G E N A Gene-Tox evaluation a (pre-1980) 
[species/cell type] 
[sex] 
[assay type] 
[assay code] 
[results] 
[activation] 
[dose response] 
[reference] 
[panel report] 

and searching for data and an expanded explanation of the contents of that 
field. A n example of the data, a small port ion of the unit record for formal
dehyde, is shown i n L i s t 3. 

In the future, updat ing the on- l ine database w i l l p r i m a r i l y be the re 
sponsibil ity of the E P A w i t h the assistance of E M I C . T h e update w i l l con
t inue to make use of the peer rev iew system i n a sl ightly modi f ied form. 
Chemicals to be added to the database w i l l continue to be pub l i shed i n Mu
tation Research: Reviews in Genetic Toxicology; w h e n the manuscript is sub
mit ted , the data w i l l s imultaneously be added to the T O X N E T file. Pres 
ently, this file contains a l l of the chemicals evaluated i n Phase I plus the 
results of the Phase III updates for the C H O - h y p o x a n t h i n e - g u a n i n e phos-
phoribosyltrarisferase, M c r o r i u c l e u s and see assays. 
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List 3. Gene-Tox Unit Record: Sample (Partial Record of Formaldehyde) 

G T N 
U P D T 
R L E N 
N A M E 
R N 
G E N B 

G E N B 

G E N A 

- 14 
- Complete update on 11/21/90, 6 fields added/edited/deleted 
- 1593 
- formaldehyde 
- 50-00-0 

Species/cell type 
Assay type 
Assay code 
Results 
Reference 

Panel report 

Species/cell type 
Assay 
Assay code 
Results 
Reference 
Panel report 

Species/cell type 
Assay type 
Assay code 
Results 
Panel report 

Chinese hamster ovary (CHO) cells 
gene mutation at the H G P R T locus 
C H O T 
no conclusion 
EMIC/53976; / . Toxicol Environ. Health 1983, 12; 

27-38 
EMIC/71517; Mutat. Res. 1988, 196, 17-36 

mammalian polychromatic erythrocytes, all species 
micronucleus test 
M N T T 
no conclusion 
EMIC/41641; Mutat. Res. 1981, 90, 91-109 
EMIC/77345; Mutat. Res. 1990, 239, 29-80 

Neurospora crassa 
reverse mutation 
N E R + 
positive 
EMIC/52327; Mutat. Res. 1984, J33, 87-134 
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9 
Biological, Biochemical, and Molecular 
Markers in Environmental Epidemiology 

Mari lyn F. Vine 

Department of Epidemiology, School of Public Health, University of North 
Carolina, Chapel Hill, N C 27599-7400 

A biological or molecular marker is a cellular, biochemical, or molec
ular alteration that is measurable in biological media, such as human 
tissues, cells, or fluids. Biological markers are being explored to de
termine their ability to help us understand the intermediate steps 
between exposure and disease occurrence and to improve the preci
sion of exposure and outcome measures in epidemiological studies. 
The purpose of this chapter is to discuss (1) the potential benefits of 
using biological markers in epidemiological research, (2) the chief 
characteristics of biological markers that make them particularly 
useful in epidemiological studies, (3) the limitations of the use of bio
logical markers in epidemiological research, and (4) the rewards and 
obstacles involved in collaborative efforts between laboratory scien
tists, who develop the assays to detect markers, and epidemiologists. 

JEPIDEMIOLOGY IS THE STUDY of the d is tr ibut ion and determinants of d is 
eases i n populations. Traditionally, epidemiologists have taken a "black box" 
approach to the study of environmental ly induced disease, assessing an e n 
v i ronmenta l or external exposure by using, for example, questionnaires and 
environmental moni tor ing and then evaluating the association between the 
exposure measure and some health outcome. Bio logical markers are be ing 
explored to determine their abi l i ty to he lp us understand the intermediate 
steps between exposure and disease occurrence and to improve the p r e c i 
sion of exposure and outcome measures. 

This chapter provides an overv iew of biological markers used i n ep ide 
miological studies. It discusses the properties of markers that make them 
potential ly valuable to epidemiologists, and reviews cr i ter ia for the selection 
of markers to be used i n epidemiological investigations. T h e current l i m i -

0065-2393/94/0241-0105$08.00/0 
© 1994 A m e r i c a n C h e m i c a l Society 
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tations of markers i n epidemiological research are also discussed. Because 
laboratory assays are invo lved i n measuring the presence of biological mark
ers i n human biological material , the benefits and challenges of collaborative 
efforts between epidemiologists and laboratory scientists are presented. E x 
amples of situations i n w h i c h biological markers have been used i n env i ron 
mental -occupational investigations are prov ided . 

Types of Biological Markers 
A biological marker is a "cel lular, b iochemical , or molecular alteration that 
is measurable i n biological med ia such as h u m a n tissues, cells or f lu ids " (I). 
Biological markers can be measured i n a variety of target and surrogate t is 
sues. Target tissues are tissues that undergo pathological changes as the re 
sult of exposure (2). A n example of a target tissue for cigarette smoke expo
sure is the lung . M a r k e r levels i n surrogate (nontarget) tissues, such as b lood 
or ur ine , can sometimes be used to estimate marker levels i n target tissues. 

Biological markers can be conceptual ized as forming a cont inuum that 
represents a sequence of events, from exposure to an exogenous agent to 
disease occurrence (3). F i g u r e 1 (4) presents the categories of biological 
markers that represent the various stages i n the sequence of events. These 
categories inc lude markers of internal dose, biologically effective dose, early 
response, altered structure and function, and disease. This sequence of 
events begins w h e n an ind iv idua l is exposed to some environmental or ex
ternal agent and is be l ieved to progress, unless the agent is e l iminated from 
the body and the damage that results from the exposure is repaired. Outs ide 
of the sequence of events are susceptibi l ity factors that can act at any point 
along the cont inuum to modify the effects of external exposures. Th i s con
ceptual framework is based on the work of Perera and Weinste in (5). 

i i 

Exposure- Internal 
Dose 

1 , Biologically 
Effective 
Dose 

Biological 
Response t p 

Altered 
Structure/ 
Function 

Disease | ^ Prognosis 

/ ^ E ^ r o n m e n T N 

V ^ L i f e S t y l e X 

Figure 1. The relationship of biological markers to exposure and disease. 
(Modified with permission from reference 4. Copyright 1989 National Acad
emy Press.) 
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A marker of internal dose indicates that an exogenous chemical has e n 
tered the body of an exposed ind iv idua l . A n exogenous chemical may enter 
the body by inhalation, ingestion, or absorption through the sk in . T h e i n 
ternal dose marker may measure the chemical itself (unchanged) or a meta-
bol ical ly altered state (3). A n example of an internal dose marker that can be 
measured unchanged is lead i n b lood (6). A marker of a metabolical ly altered 
chemical is cotinine i n the body fluids of smokers. C o t i n i n e , a metabolic 
byproduct of nicotine metabol ism (7), is a marker of exposure to tobacco 
smoke. 

A marker of biologically effective dose ( B E D ) indicates "the amount of 
absorbed chemical that has interacted w i t h cr i t ical subcel lular targets, mea
sured i n either a target or a surrogate t issue" (3). Workers exposed to coke 
oven emissions containing polycycl ic aromatic hydrocarbons are at increased 
risk of l u n g cancer (8). D N A adducts (complexes of chemicals covalently 
bonded to D N A , der ived from lung tissue, and obtained at autopsy or 
through biopsy) could potential ly serve as a biologically effective dose 
marker for the target tissue. D N A adducts are be l ieved to be invo lved i n the 
init iat ion of cancer (9). A l t h o u g h it is un l ike ly that hemoglob in adducts (com
plexes of e lectrophil ic chemicals covalently bonded w i t h hemoglobin i n red 
b lood cells) are direct ly invo lved i n the carcinogenic process, they may serve 
as surrogate B E D markers of D N A adduct formation i n target tissues. A n i 
mal (10-12) and human studies (13) suggest that for some chemicals , an i n 
crease i n hemoglobin adduct formation is associated w i t h an increase i n 
D N A adduct formation i n target tissues. 

A marker of biologic response indicates "bio logical or b iochemical 
changes i n target cells or tissues that result from the action of the chemical 
and are thought to be a step i n the pathologic process toward disease" (I). 
Examples of markers of biological response inc lude chromosomal aberrations 
and micronuc le i . F o r example, bete l q u i d chewers who have an elevated 
risk of oral cancer also have elevated levels of micronuc le i i n exfoliated buc 
cal mucosa cells (14). M i c r o n u c l e i , smal l pieces of D N A that arise i n the 
cytoplasm w h e n chromatid or chromosomal fragments or whole chromo
somes are not incorporated into daughter nuc l e i d u r i n g mitosis (15), form as 
a result of exposure to clastogenic agents, such as X-rays , and agents that 
cause damage to the ce l l s spindle apparatus (16). 

A marker of disease indicates a "biological or chemica l event that e ither 
represents a subcl inical stage of disease or is a manifestation of the disease 
i tsel f " (I). Disease markers are often the dependent , or outcome, variables 
i n epidemiological research. A n example of a disease marker is serum ot-
fetoprotein, an indicator of l iver cancer (I). 

A marker of susceptibi l ity "measures or is associated w i t h , factors that 
increase an ind iv idua l s r isk of developing a disease after exposure to some 
exogenous agent" (17). Markers of susceptibi l ity may be genetically deter
m i n e d or acquired. X e r o d e r m a p igmentosum is an example of a genetically 
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determined susceptibility. Individuals w i t h this condit ion are at increased 
risk of developing sk in cancer after exposure to ultraviolet radiation (18). 
O t h e r examples of genetically de termined susceptibil it ies inc lude debriso-
q u i n hydroxylat ion phenotype and N-acetylat ion phenotype. Extens ive m e -
tabolizers of debr isoquin are thought to be at increased risk of l u n g cancer 
on exposure to cigarette smoke (19), and slow acetylators are at increased 
risk of b ladder cancer on exposure to N-subst i tuted ary l compounds (20), 
such as those used i n the dye industry. Examples of acquired susceptibi l ity 
factors inc lude age, diet , life style, and previous diseases. F o r example, i n 
dividuals who consume large quantities of alcohol and also smoke are at i n 
creased risk of d y i n g from head and neck cancers (21), and people who have 
been infected w i t h the hepatitis B virus have been found to have a greater 
chance of developing l i ver cancer i n association w i t h exposure to aflatoxin 
(22). 

Advantages of Using Biological Markers 
in Epidemiological Research 
There are potentially many reasons for us ing biological markers i n ep ide 
miological research (1,23): 

1. Internal dose and biologically effective dose markers may pro 
v ide more accurate measures of exposure that are specific to 
the ind iv idual than do tradit ional measures of exposure, such 
as area air monitor ing , information about job t i t le , or ques
tionnaire data. I n addit ion , biologically effective dose markers 
may provide estimates of the relevant exposure dose to the 
target tissue. B y prov id ing exposure information specific to 
the ind iv idua l (and to target tissues, i n particular) , markers 
may he lp reduce misclassiflcation i n exposure measures, 
thereby enhancing our abi l i ty to detect dose-response re la 
tionships between external exposures and health outcome 
measures. 

2. Biological markers may improve knowledge of participant 
compliance w i t h treatment regimens i n intervent ion trials. I n 
a typical t r ia l , one group of participants is randomized to re 
ceive one treatment or intervent ion , and one or more other 
groups are randomized to receive another treatment or a p l a 
cebo. F o r example, i n a study of the effects of (i-earotene sup
plementation on micronuc le i induct ion i n buccal cells of bete l 
q u i d chewers over a 3-month per iod , one group of par t i c i 
pants w o u l d be given (3-carotene capsules, and the other 
group w o u l d be g iven a placebo. Analysis of b lood specimens 
several times d u r i n g the 3-month tr ia l w o u l d indicate whether 
the treatment group was real ly taking the (3-carotene capsules 
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and whether the serum (3-earotene levels of treated and con
tro l groups actually differed. It is possible, for example, that 
members of the control group were also taking v i tamin sup
plements or consuming diets h igh i n (3-earotene. 

3. Markers of disease may provide evidence of prec l in ica l d is 
ease or may provide a more homogeneous classification of d is 
ease. Markers of prec l in ica l disease may allow detection at 
earlier preventable stages. Markers that classify disease into 
more homogeneous subclassifications may he lp identify ex
posure-disease associations. C e r t a i n leukemias, for example, 
can be dist inguished on the basis of whether oncogene act i 
vation is associated w i t h the disease. Taylor et a l . (24) r e 
ported that patients occupationally exposed to certain c h e m 
icals are more l ike ly to develop ras-positive than ras-negative 
acute myelogenous l eukemia ( A M L ) . Comparisons w i t h 
healthy controls showed that occupational chemical exposure 
d i d not increase the risk of ras-negative A M L . 

4. Biological markers may provide clues to mechanisms of d is 
ease causation by e lucidating intermediate steps i n the pro 
cess. Markers of response may be used to determine whether 
exogenous exposures have adverse effects on genetic material , 
an intermediate step i n the development of cancer. F o r ex
ample , occupational exposure to ethylene oxide leads to an 
increased incidence of sister chromat id exchanges among ex
posed workers (25). 

5. Markers of susceptibi l ity may indicate subpopulations at i n 
creased risk of disease. I f populations at increased risk can be 
identi f ied, then these groups can be targeted for preventive 
measures. 

6. Markers of exposure may improve knowledge of the extent of 
population exposures to various exogenous agents by means 
of surveil lance techniques. Tissue specimens (e.g., b lood or 
fat), obtained from appropriately sampled members of the 
populat ion, can be analyzed to determine the extent of expo
sure to specific exogenous environmental agents i n the pop 
ulation. 

7. Markers of exposure may be used to validate more tradit ional 
measures of exposure. F o r example, i n a study of the con
sumption of polychlor inated b i p h e n y l (PCB)-contaminated 
fish and adverse reproductive effects among w o m e n i n W i s 
consin (26), serum P C B levels were used to assess the val id i ty 
of us ing fish consumption (obtained v ia questionnaire) as an 
estimate of P C B intake i n a subgroup of the women . T h e cor
relation between the questionnaire information and serum 
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P C B levels was 0.666. It was conc luded that the questionnaire 
information, w h i c h was easier to obtain and less costly than 
measuring serum P C B levels, prov ided a reasonably accurate 
estimate of P C B intake (26). 

8. Markers may provide more accurate measures of potential 
confounders i n epidemiological research. Misclassif ication of 
confounder status can result i n inadequate control of con
founding factors i n the analysis of epidemiological studies, po
tentially leading to a bias i n study results (27). 

F o r an expanded discussion of the potential benefits of us ing biological mark
ers i n epidemiological research ment ioned , see H u l k a , 1990 (I) and 1991 
(23). 

Criteria for Selecting Biological Markers 
in Epidemiological Research 
A n epidemiologist must consider many cr i ter ia before employ ing a biological 
marker in an epidemiological investigation. T h e most important consider
ation is the study's objective. If it is de termined that a marker w i l l benefit 
the study, the epidemiologist must determine w h i c h marker or markers w i l l 
best meet the study's objective. T h e fol lowing characteristics of markers 
should be considered before a marker is used i n an epidemiological inves
tigation. 

Availability of Markers. I f only one marker exists to measure a par
ticular exposure or outcome event, then the choice of a marker is s impl i f ied . 
Sometimes, however, more than one marker is available. F o r example, there 
are many potential markers of tobacco smoke exposure, in c lud ing thiocya-
nate, carboxyhemoglobin, nicot ine, cot inine, D N A and hemoglobin ad
ducts, and ur ine mutagenicity. E a c h marker has different properties . T h e 
choice of marker depends on how w e l l the properties of the available mark
ers coincide w i t h the objectives of the study. 

Specificity of the Marker. Specif icity refers to the abi l i ty of the 
marker to indicate the specific exposure or outcome of interest. F o r exam
ple , the ur ine mutagenesis assay is a nonspecific marker of mutagenic agents 
i n the ur ine . It cannot indicate w h i c h exposure l e d to mutagens appearing 
i n the ur ine . O n the other hand, cotinine (metabolite of nicotine) i n the 
ur ine is a marker essentially specific to tobacco smoke. T h e requ i red degree 
of specificity depends on the research question. 

Invasiveness of the Technique To Obtain Biological Specimens. 
M a r k e r selection is often inf luenced by the quantity of the specimen needed 
to measure the marker and the invasiveness (either physical ly or psycholog-
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ically) of the sampling technique necessary to obtain the biological spec imen 
i n w h i c h the marker is measured. The more invasive the procedure and the 
greater the amount of spec imen needed, the less l ike ly it is that people w i l l 
participate i n the study. Assays, for example, that detect micronucleus for
mation can be performed on h u m a n bone marrow cells, lymphocytes , r e d 
b lood cells, and exfoliated cells. It is un l ike ly that many people w o u l d par
ticipate i n a study i n w h i c h sternal puncture to obtain bone marrow cells 
was required . Part ic ipation w o u l d be greater i n a study that requ i red the 
drawing of b lood or the scraping of the oral mucosa to obtain exfoliated cells. 
T h e invasiveness of the procedures affects not only the numbers of par t i c i 
pants but also their characteristics. Self-selection for a study on the basis of 
the technique used to obtain specimens cou ld l i m i t the general izabi l i ty of 
results; it may even lead to a bias i n results because of systematic differences 
among outcome measures of participants, on the basis of exposure status. 

Time to Appearance of the Marker. T h e " t i m e to appearance of 
the m a r k e r " refers to the first point after the event of interest occurs at w h i c h 
the marker can be measured. In other words, there may be a delay between 
the t ime of the event of interest and w h e n the marker indicates that it has 
occurred. F o r example, i n micronucleus formation, micronuc le i that are 
sloughed (exfoliated) from the surface of the buccal mucosa indicate damage 
that has occurred i n the basal ce l l layer (14). Exfo l iated cells are der ived 
from basal cells. O n l y the basal cells d iv ide and therefore form micronuc le i . 
St ich et a l . (28) have estimated that it takes 5 -7 days for radiat ion- induced 
micronucleated basal cells to migrate to the surface of the buccal mucosa, 
where they are exfoliated. Thus , evaluating buccal mucosa cells sampled 
before the 5-7 days w o u l d underestimate the effect of the exposure on m i 
cronucleus formation. T h e t ime to appearance of the marker is often a 
greater concern i n acute versus chronic exposure situations and w h e n one is 
t ry ing to l ink the t ime of exposure to a part icular effect. 

Persistence of the Marker. The persistence of the marker also i n 
fluences the t ime d u r i n g w h i c h one can evaluate the presence of the marker 
i n a biological m e d i u m . The persistence of the marker depends on the m e 
tabol ism, storage, and excretion of the marker from the body and also on the 
stability of the biological tissue i n w h i c h the marker is measured. C o t i n i n e , 
for example, has a half-life i n serum of about 16-19 h (29), whereas nicot ine, 
the parent compound, has a half-life of only 2 h (30). N i co t ine levels w o u l d 
indicate short-term exposures, whereas cot inine levels w o u l d indicate ex
posures that took place over the previous 1 or 2 days. H e m o g l o b i n adducts, 
however, could be used to indicate exposures over a longer per iod of t ime , 
because they are thought to persist for the life of the red b lood ce l l , about 
120 days (31). 
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Peak or Integrated Dose. W h e t h e r the l eve l of the measured 
marker represents the peak or integrated dose over t ime depends on (1) 
whether the event that produced the marker was an acute (one time) or 
chronic (continuous) event, and (2) the tissue i n w h i c h the marker is mea
sured. M a r k e r levels indicative of acute events, such as exposure to an ex
ogenous chemical , rise (peak) and fall w i t h t ime as the body metabolizes, 
excretes, or stores the chemical i n another tissue. Thus , i n acute events, 
w h e n one samples the tissue i n relation to the t ime of the event is important . 
If the tissue i n w h i c h the marker is measured does not store the marker, 
chronic events often lead to a steady state of marker levels , i n w h i c h s imilar 
levels of the marker enter and leave the tissue. I f the tissue stores the c h e m 
ical , one may be able to measure the accumulated dose of the marker. L e a d , 
for example, accumulates i n bone. Bone lead levels account for about 9 5 % 
of the total body b u r d e n of lead. L e a d has a half-life i n bone of about a 
decade (6). Therefore, analysis of bone lead levels should indicate accumu
lated lead exposure. 

Variability (Intraperson, Interperson). Variabi l i ty is a major issue 
i n b iomarker research. Leve ls of markers can vary w i t h i n a person (intra-
person variability) from one t ime to the next and even among tissues w i t h i n 
the same person. Leve ls of markers can also vary dramatically among i n d i 
viduals (interperson variabil ity) . Interperson variabi l i ty i n marker levels can 
result from differences i n exogenous exposures as w e l l as genetic variabi l i ty 
i n D N A repair processes and metabol ism of exogenous agents. F o r example, 
4 -aminobiphenyl (4-ABP) hemoglobin adduct levels among active and pas
sive smokers vary w i t h acetylation and oxidation phenotype (32). It is nec
essary to understand the sources of variabi l i ty i n biological marker research 
i n order to be able to make va l id comparisons of marker levels among i n d i 
viduals. F o r a more extensive discussion of the sources of variabi l i ty i n e p i 
demiological studies invo lv ing biological markers, see H u l k a and M a r g o l i n 
(33). 

Stability of the Marker in Storage. Stabi l i ty of the marker i n stor
age influences the feasibility of an epidemiological investigation. Storage 
procedures can inc lude freezing or f ixing tissue specimens i n a preservative 
such as formaldehyde. If the marker is not stable in storage, analyses often 
have to be done concurrently w i t h sample col lection. Sometimes this pro 
cedure is not feasible. Sometimes having to analyze specimens at the t ime 
of sample col lection escalates costs. F o r example, someone has to be e m 
p loyed to do the analyses throughout the study. I f analyses are done over 
t ime, it is essential to analyze simultaneously specimens from control and 
exposed or diseased persons i n order to control for any changes i n laboratory 
practice over t ime. I f the marker is stable i n storage, analyses can be per 
formed after al l the samples have been col lected, thereby increasing study 
design options. 
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Suitability of the Assay for an Epidemiological Study. T h e key 
issues i n evaluating the suitabi l i ty of an assay for an epidemiological study 
inc lude the availabil ity and cost of the assay as w e l l as its sensitivity, speci 
ficity, and reliabil ity. Some assays are commerc ia l ly available, whereas oth
ers are either very complicated or st i l l i n development , such that only one 
or two laboratories i n the w o r l d per form them. T h e success of ep idemio log
ical studies invo lv ing assays per formed by few laboratory investigators de 
pends on the epidemiologist s abi l i ty to collaborate w i t h the part icular lab
oratory investigators who perform the assay. 

Costs of assays vary w i t h how t ime-consuming and labor-intensive their 
procedures are. Analyses to determine serum cotinine levels, for example, 
are m u c h less expensive than D N A adduct analyses. H i g h assay costs can 
either rule out an assay for a particular application or l i m i t the study's sample 
size. 

Sensit ivity of the assay must be considered. T h e assay must be able to 
detect population levels of the marker. I n addit ion to be ing sensitive, it 
should be as specific as possible for the marker i n question. F o r example, 
one cr i t i c ism of radioimmunoassay techniques is that the antibodies used to 
detect a particular marker (antigen) can cross-react w i t h s imilar compounds. 
A nonspecific assay can lead to misclassification of marker levels. Similar ly , 
an unrel iable assay (one that does not produce repeatable results on the 
same specimen) can also lead to misclassification of marker levels. 

F o r a more in -depth discussion of the properties of markers and the 
cr i ter ia used i n marker selection, see Wi l cosky and Gri f f i th (34) and W i l -
cosky (2). 

Limitations of Biological Markers in Epidemiological Research 
There are several l imitations of the use of biological markers i n ep idemio 
logical research. F o r some situations, suitable markers do not exist or the 
properties of available markers are inadequate to meet the study s objec
tives. F o r example, analysis o f the marker may be too expensive, or available 
markers may not be specific enough for a part icular exposure. I n other cases, 
the properties of a potential ly useful marker may not be known . Answers 
may yet be needed to such questions as " W h a t is the relationship between 
levels of the marker i n the surrogate tissue and levels of the marker i n the 
target tissue?"; " W h a t are the pharmacokinet ic properties of the marker?" ; 
or " H o w stable is the marker w h e n stored frozen?" 

I n addit ion, markers may not have been val idated for the applications 
intended by the researcher. Val idat ion of biological markers is a compl icated 
issue. Methods of val idating a marker differ i n some respects, depend ing on 
whether the marker is used to measure an exposure, an intermediate e n d 
point , or a disease outcome. In al l three cases, steps that should be under 
taken inc lude pre l iminary laboratory studies to establish the l imits of detec-

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
00

9

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



114 ENVIRONMENTAL EPIDEMIOLOGY 

tion and rel iabi l i ty of the assay. Pre l iminary f ie ld studies i n humans should 
be undertaken (1) to establish that the assay can detect populat ion levels of 
the marker ; (2) to determine the range of marker levels i n h u m a n popula 
tions; (3) to identify the factors associated w i t h variation i n marker levels , 
such as race, gender, and age; and (4) to determine the re l iabi l i ty of the assay 
under study conditions (35). A l l of this information is k n o w n for only few 
markers. 

In the case of exposure markers and markers of intermediate e n d points, 
pre l iminary laboratory work should also inc lude animal experiments to de 
scribe dose-response relationships between k n o w n doses of an external ex
posure and internal marker levels. Information should be available for mark
ers measured after acute and chronic exposure situations (36). H u m a n f ie ld 
studies could then be conducted to assess the dose-response relationships 
between known levels of an external exposure and internal marker levels i n 
h i g h - versus low-exposure situations. O n e w o u l d want to see that, on aver
age, those w i t h the h igh exposures are more l ike ly to have higher levels of 
the marker than those w i t h low exposures. F i n d i n g a perfect correlation 
between levels of an external exposure and marker levels does not necessar
i ly invalidate the marker. I n fact, a strength of biological markers is that they 
integrate exposures from many sources and provide estimates of exposure to 
the ind iv idua l that consider the use of protective equipment and i n t e r i n d i -
v idua l differences i n , for example, absorption, metabol ism, and excretion. 
Thus , even i f the marker does not perfectly correlate w i t h external measures 
of the exposure, it may accurately indicate internal exposure to the i n d i v i d 
ual . E x t e r n a l exposure information, such as can be obtained by area air m o n 
i tor ing and questionnaires, needs to be assessed to characterize the contr i 
but ion of other sources of exposure to marker levels. D a t a concerning the 
pharmacokinetic properties of the marker w o u l d be needed to interpret 
marker levels. 

M o r e research has concentrated on establishing associations between 
external levels of exposures and internal marker levels than on de termin ing 
the predict ive value of the marker levels. Ul t imate ly , it w o u l d be he lpful to 
show the l ink between elevated marker levels and increased risk of some 
disease outcome as an indicator of the val id i ty of the marker. 

Markers of disease can be val idated against a medical ly de termined 
"go ld standard" for diagnosing the disease. As part of the val idation process, 
one w o u l d calculate the sensitivity, specificity, and positive predict ive value 
of the marker (37). Sensitivity, as defined by epidemiologists is the proba
b i l i ty that the marker w i l l correctly identify an ind iv idua l as having the d is 
ease, given that the ind iv idua l actually has the disease (as de termined by 
the gold standard method). The specificity is the probabi l i ty that the marker 
w i l l correctly identify the ind iv idua l as not having the disease, g iven that 
the ind iv idua l actually does not have the disease. T h e positive predict ive 
value is the probabi l i ty that the ind iv idua l has the disease, g iven that the 
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marker indicates the presence of the disease. I n each case, one w o u l d want 
these values to be as h igh as possible. F o r example, a recent study (38) 
evaluated elevated levels of the angiogenic pept ide basic fibroblast growth 
factor i n ur ine as a marker for b ladder cancer among bladder cancer patients 
diagnosed w i t h cytoscopic analysis and radiological studies and found the 
sensitivity and specificity to be modest at 8 1 % and 64%, respectively. I f one 
is t ry ing to validate a marker of prec l in ica l disease, some fol low-up of study 
participants w i l l be necessary to determine i f the individuals who test pos i 
tive for the marker actually develop the disease. 

Quality-Control Issues 
To produce meaningful study results, certain qual i ty-control procedures 
should be followed. Laboratory personnel should be b l i n d e d to the exposure 
and disease characteristics of the participants from w h o m the biological spec
imens were obtained. Specimens from exposed-nonexposed or d isease-non-
diseased individuals should simultaneously be analyzed to avoid confusion 
as to whether differences i n the characteristic be ing studied or differences 
i n laboratory techniques over t ime are responsible for any observed differ
ences i n laboratory results between groups. I n addit ion to analyzing speci 
mens from each of the study participants, it is recommended that one ana
lyze specimens known to be positive and those k n o w n to be negative for the 
marker of interest. A lso , analyzing more than one spec imen from the same 
ind iv idua l for a subset of the study participants aids i n assessing the r e l i 
abi l i ty of the assay. 

Collaborative Research Involving Biological Markers 
Epidemio log i ca l research, i n general , is becoming more and more collabo
rative. People i n vastly different fields are w o r k i n g together. This is espe
cial ly true i n biological marker research. These collaborations b r i n g w i t h 
them benefits and challenges. T h e major benefit is that questions can be 
addressed by collaborative efforts that are less w e l l addressed by the m e m 
bers of the ind iv idua l fields work ing separately. T h e interactions between 
the collaborators from different fields can lead to creative solutions to prob 
lems. 

T h e challenges inherent i n collaborative work are many. Problems arise 
because collaborators from different fields th ink differently, use the same 
words to refer to different things, and have different agendas (23, 33). Thus , 
the very reasons w h y investigators form collaborations present obstacles to 
the collaborative effort. F o r collaborative efforts to succeed, members of 
each disc ipl ine must learn the language, strengths, and weaknesses of the 
other disc ipl ine . 

Epidemiologists and laboratory scientists differ i n their outlook on a 
n u m b e r of issues. Whereas laboratory scientists are often concerned about 
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the effects of agents on individuals or small groups of subjects, ep idemio lo 
gists are concerned w i t h making inferences about disease causation i n pop
ulations. Epidemiologists can say l i tt le about the definite cause of a disease 
in a specific ind iv idua l . They can only estimate the probabi l i ty that a part ic 
ular agent l ed to the development of the disease i n that ind iv idua l , on the 
basis of population statistics. 

The t ime frame of laboratory research tends to be short, compared w i t h 
that of epidemiological research. Laboratory experiments can be completed 
i n days to months, whereas epidemiological research often takes years to 
complete. In the F r a m i n g h a m H e a r t Study (39), for example, participants 
have been fol lowed for over 20 years. E v e n i n studies i n w h i c h participants 
are not fol lowed over t ime, it can take months to years to identify e l ig ible 
study participants, enro l l them i n the study, and obtain specimens from 
them. 

The sample sizes i n laboratory studies tend to be smal l , compared w i t h 
those of epidemiological studies. Laboratory research usually involves a 
handful of animals exposed to different doses of a chemical . Ep idemio log i ca l 
research often must involve hundreds or thousands of participants to pro 
duce statistically significant results. Laboratory scientists may not be 
equ ipped either to handle the large number of specimens requ i red of many 
epidemiological investigations or want to commit resources for such a long 
t ime. 

The n u m b e r of extraneous factors i n laboratory experiments also tends 
to be smal l , compared w i t h those i n epidemiological research. Laboratory 
researchers often work w i t h genetically s imilar animals and control as many 
other factors as possible. Epidemiologists observe what happens i n the real 
wor ld . 

Participants i n epidemiological studies are often not genetically s imilar 
and have a variety of different exposures and life style habits. E p i d e m i o l o 
gists try to control for as many factors as possible i n the statistical analysis of 
the data. 

Epidemiologists and laboratory scientists often have different views of 
the laboratory assays themselves. Laboratory scientists tend to want to per 
fect the assay, for example, by making it more sensitive. O n c e the assay is 
"per fected , " the laboratory scientist may no longer be interested i n i t . T h e 
epidemiologists, on the other hand , want to use the same assay over and 
over again on a l l the participants i n the study. 

The differences between the two discipl ines can be e i ther strengths or 
obstacles. I f laboratory scientists and epidemiologists work together, they 
can learn to maximize the strengths and m i n i m i z e the obstacles. F o r exam
ple , epidemiologists and laboratory scientists may need to develop more 
c lever and specific hypotheses so that large numbers of subjects are not nec
essary to obtain meaningful study results. Because the operation of labora
tory assays i n population settings is often different from that i n the contro l led 
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experimental environment (A. Wi l cox : personal communication) , technical 
aspects of the assay often need to be addressed. Collaborations between 
laboratory scientists and epidemiologists have the potential to provide i n 
teresting avenues of research for investigators from both discipl ines. 

Examples of the Use of Biological Markers in Environmental and 
Occupational Epidemiology 

Exposure Assessment. A m o n g the most difficult aspects of deter
m i n i n g the health consequences of env ironmental exposures is ident i fy ing 
who is exposed and quanti fying the levels of exposure of the affected i n d i 
viduals. Bio logical markers of exposure may he lp alleviate some of these 
problems. A n example of a situation i n w h i c h biological markers may be 
useful is t ry ing to assess the possible adverse health effects of l i v i n g near a 
hazardous waste site. Once it is de termined that the agents contained i n the 
site have the potential to cause adverse h u m a n health effects (for example, 
through l iterature reviews), the next step is to determine whether the res i 
dents near the site are actually exposed to the agents i n the hazardous waste. 
T h e ideal biological marker of exposure, i n this case, w o u l d be specific for a 
particular agent present at the waste site. I f one used a marker that was not 
very specific, confusion might arise as to whether persons positive for the 
marker were exposed because of agents emanating from the waste site or 
because of other exposures. W h e n less specific markers are used, sources of 
other exposures can sometimes be assessed by questionnaires. T h e Agency 
for Toxic Substances and Disease Registry ( A T S D R ) (40) assessed levels of 
arsenic i n the ur ine of residents l i v i n g near an abandoned arsenic product ion 
site. U r i n a r y arsenic levels (|xg/g creatinine) were not statistically signif i 
cantly higher among a l l potential ly exposed residents of the nearby apart
ment complex, compared w i t h controls who were less l ike ly to have been 
exposed. However , three ch i ldren i n the nearby apartment complex had 
part icularly h igh ur inary arsenic levels. T h e three ch i ldren and two adults 
w i t h arsenic levels greater than 50 |jig/g creatinine were retested after a 
warn ing to stay away from the contaminated area. T h e l owered arsenic levels 
among the retested ch i ldren suggest that the site was the source of the ar
senic exposure and that the w a r n i n g may have been effective i n reduc ing 
exposure. 

Intermediate End Points. M o s t of the environmental research i n 
vo lv ing biological markers has proceeded by ident i fy ing an exposure and 
then determin ing its effect on the levels of a part icular marker. This is ex
empl i f ied i n occupational settings i n w h i c h the b lood cells of workers ex
posed to chemicals, such as ethylene oxide and petro leum vapors, have been 
evaluated for the presence of various markers of biological response, i n c l u d 
ing chromosome aberrations, sister chromat id exchanges, and micronuc le i 
(25,41). In many cases, elevations i n these intermediate markers have been 
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associated w i t h the exposure of interest. A l t h o u g h evidence of increased 
chromosomal breakage is generally not considered favorable, no one knows 
what having elevated levels of these markers really means (42). H e r e is an 
example of a situation i n w h i c h research is needed to determine the pred i c 
tive value of markers for adverse health outcomes. Knowledge of the ir p re 
dict ive value cou ld be beneficial for understanding disease causation and 
prevent ing disease at earl ier stages. 

Summary 
Epidemio l ogy is the study of the d is tr ibut ion and determinants of diseases 
i n populations. Traditionally, epidemiologists have taken a "black box" ap
proach to the study of environmental ly induced disease, assessing an e n v i 
ronmental or external exposure and measuring some health outcome. It is 
hoped that, through the use of biological markers , often assessed by molec
ular and toxicological techniques, we can beg in to understand the in te rme 
diate steps between exposure and disease occurrence and can improve the 
precis ion of exposure and outcome measurements. A biological marker is a 
cellular, b iochemical , or molecular alteration that is measurable i n biological 
med ia such as h u m a n tissues cells or f luids. Bio logical markers can be clas
sified into categories that represent a sequence of events from exposure to 
disease, inc lud ing markers of internal dose, biologically effective dose, early 
response, altered structure and function, and disease. Outs ide this sequence 
of events are susceptibi l ity factors that can inf luence events at any point 
along the pathway. Because epidemiological investigations often inc lude 
large numbers of participants, the biological markers that are most desirable 
for use i n h u m a n studies are those that can be measured w i t h a m i n i m u m 
amount of sk i l l or equipment i n a small amount of biological m e d i u m and 
can be obtained w i t h m i n i m a l l y invasive techniques. T h e assays used to de 
tect the markers should be inexpensive, sensitive, specific, re l iable , and able 
to quantify accurately levels of the markers present i n h u m a n specimens. 
Unfortunately, the properties of many potential ly useful markers are st i l l 
unknown , and the properties o f available markers may not be appropriate 
for particular applications. F u t u r e research i n this area w i l l require the co l 
laborative efforts of epidemiologists and laboratory scientists, among other 
professionals. Col laborative efforts can lead to innovative research. F o r the 
collaborations to succeed, researchers from each of the various discipl ines 
must learn the language, strengths, and weaknesses of the other discipl ines. 
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10 
Examples of Measuring Internal Dose 
for Assessing Exposure 
in Epidemiological Studies 

L a r r y L. Needham 

Division of Environmental Health Laboratory Sciences, National Center 
for Environmental Health, Centers for Disease Control and Prevention, 
U.S. Department of Health and Human Services, Atlanta, GA 30341-3724 

Exposure to environmental contaminants occurs when the contami
nant is present in the environment and humans have contact with 
that environment. Environmental public health scientists, especially 
epidemiologists, study the relationship between such exposure and 
any adverse health effects. The exposure is often assessed on the basis 
of measured concentrations of the contaminants in the environment 
and the estimated duration of human exposure. However, frequently 
these models are not predictive of the amount of toxicant absorbed 
in the human; thus, there is a need to measure the internal dose of 
these toxicants in humans. This measurement, along with pharma
cokinetic information for the toxicant, is the best marker of exposure 
with which to relate adverse health effects. Several examples that 
illustrate the need for measuring the internal dose are presented. 

EPIDEMIOLOGISTS AND OTHER ENVIRONMENTAL pub l i c health scientists 
are interested i n the relationship between exposure assessment and adverse 
health effects or at least a b iochemical change that may be a marker of a 
potential adverse health effect. To study this relat ionship, they may use 
three basic types of observational analytical investigations: the case-control 
study; the cohort study, prospective and retrospective; and the cross-sec
t ional study. I n a "case-control study" , a case group that has the adverse 
health effect and a control , or comparison, group that does not have the 
effect are selected for investigation; the proportions w i t h the exposure of 
interest i n each group are compared. Thus , i n a case-control study, the start-

This chapter not subject to U.S. copyright 
Published 1994 American Chemical Society 
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ing point (the adverse health effect that has occurred pr ior to the init iat ion 
of the study) is the adverse health effect. Exposures to several pollutants 
that may lead to the adverse effect can be studied. I n a "cohort study" , 
however, participants are identi f ied on the basis of their exposure status. I n 
a prospective cohort study, the adverse health effect has not occurred at the 
t ime of the init iat ion of the study; i n a retrospective cohort study, the inves
tigation is init iated after the exposure and effect have occurred. Several 
health effects that might result from exposure to the pol lutant can be s tud
ied . F ina l ly , i n the "cross-sectional survey" , the status of an ind iv idua l w i t h 
respect to the presence or absence of both exposure and disease is assessed 
simultaneously. However , i n a l l of these studies, exposure and health effects 
must be assessed. I n environmental pub l i c health , the exposure is fre
quent ly to ubiquitous environmental pollutants, inc lud ing dioxins, po lychlo -
r inated b iphenyls , and volatile organic solvents. Therefore, because most a l l 
people have been i n contact w i t h these pollutants, exposure is not a q u a l i 
tative yes-qr-no decis ion; ideally, it is quanti f ied, but at least it must be 
"scientif ically est imated . " W h a t is the best means of do ing this? 

F igure 1 illustrates the exposure and health effects pathway (1,2), w h i c h 
we have amended (3). As shown i n F i g u r e 1, a pol lutant originates from a 
source and is emit ted into the environment , where it can undergo chemical 
and physical interactions and where it may accumulate. H u m a n s are exposed 
w h e n , for an interval of t ime, they come into contact w i t h that pol lutant i n 
an environmental m e d i u m — s o i l , water, air, or food. The concentration of a 
given pollutant i n the environmental med ia w i t h w h i c h humans have con
tact, integrated over the t ime of contact, is cal led the external dose (3) or 

1 Source emissions | 

Environmental media: 
air, water, food, soil 

1 
External dose: 

human contact with air, water, food, soil 
inhalation 
ingestion 
skin absorption 

Internal dose r 
Biologically effective dose 

Health effect Figure 1. Pathway of a contaminant from emission to resulting health effect. 
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10. NEEDHAM Measuring Internal Dose To Assess Exposure 123 

potential dose (2). W h e n humans have contact w i t h these environmental 
media , the pollutants enter the body v ia inhalat ion, ingestion, or skin ab
sorption. Once i n the body, a pol lutant may be d is tr ibuted throughout i t . 

The amount of contaminant absorbed i n body tissue is cal led the internal 
dose. C o m m o n measures of internal dose are the b lood and ur ine levels of 
pollutants or their metabolites. A port ion of this internal dose may reach and 
interact w i t h a target site over a g iven per i od so as to alter physiological 
function; this port ion is cal led the biologically effective dose. 

Thus , at least three measures or estimates of dose may be used i n as
sessing human exposure. These are external dose, biologically effective 
dose, and internal dose. E a c h has certain advantages and disadvantages. 

External Dose 
Traditionally, environmental epidemiologists have assessed exposure by es
t imating the external dose, that is, the total concentration of a g iven toxicant 
i n the environmental med ia w i t h w h i c h humans come into contact, in te 
grated over the t ime of contact. The concentration of the pol lutant i n the 
environmental media is sometimes based on analytical measurements of e n 
v ironmental samples—water, air, soi l , and food—collected at the exposure 
site near the t ime of exposure or as close to it as possible. Perhaps the "best" 
environmental sample of an airborne pol lutant w o u l d be an air sample co l 
lected at the t ime of exposure by a personal air monitor located i n the 
breathing zone. Clear ly , this is never achieved, except i n designed exper i 
ments. The t ime of contact w i t h the environmental med ia containing the 
pollutant is generally col lected by questionnaire and history. This combina
t ion of questionnaire and history and environmental measurements are then 
weighted into an exposure index, w h i c h is used as an estimate of exposure 
for each person. 

Exposure indices have several potential problems, part icular ly bias of 
administer ing and answering the questionnaire. This bias may arise w h e n 
ever noncomparable information is obtained from the different study groups. 
This may result from the interv iewer e l i c i t ing or interpret ing the informa
t ion i n different ways ( interviewer bias); it may also result from the par t i c i 
pants intentional ly or unintentional ly report ing the events i n noncompara
ble manners (recall bias), for example, having problems recal l ing the 
frequency of wa lk ing on contaminated soil or consumption of a certain food. 
Another source of error is the inabi l i ty to adjust for ind iv idua l factors related 
to how m u c h toxicant enters the body and how m u c h is absorbed ( individual 
metabol ism differences, ind iv idua l nutr i t ional status d u r i n g exposure, and 
personal habits such as hand-to-mouth activities). A l t h o u g h generally fewer 
problems are associated w i t h the quantitative measurements i n the env i ron 
mental media , these measurements may not be representative of the degree 
of contamination at the t ime the human exposure occurred; for example, the 
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average leve l of a pol lutant i n fish caught i n a r iver may not be representative 
of a l l such fish i n that river. Thus , we bel ieve that estimates of the external 
dose are not the best means of assessing exposure. 

Biologically Effective Dose 
B y def init ion, the best measure of exposure for assessing dose-response re 
lationships is the "biological ly effective dose". Ideally, environmental health 
scientists w o u l d l ike to have sensitive and specific measurements of the b io 
logically effective dose. However , identi fy ing the target site of the toxicant 
is a major imped iment to using measures of the biologically effective dose 
to quantify exposure, and even w h e n the target site is k n o w n , a h ighly i n 
vasive procedure may be requ i red to sample that site (e.g., l i ver or brain). 
Some organic toxicants, or their metabolites, covalently bond to D N A , thus 
forming a D N A adduct. I f this adduct is at a site that leads to an altered 
reading of the genetic code, it may lead to mutagenicity and cancer i n h u 
mans. However , other adducts that lead to no such alteration may form. 
Because we cannot analytically dist inguish between these adducts, the anal 
yses of human samples, such as c irculat ing lymphocytes , for a l l such adducts 
are generally considered measurements of the biologically effective dose. 
L ikewise , measurements of adducts w i t h hemoglob in and proteins, such as 
a lbumin , have also been considered measurements of the biologically effec
tive dose (4). Some of these adducts are specific markers for toxicants (e.g., 
benzo(a)pyrene i n lymphocytes) , whereas others are m u c h less specific (e.g., 
D N A adducts w i t h a lkyl groups). T h e measurement of adducts i n humans is 
st i l l i n the experimental development stage, and m u c h more information is 
needed before it can be used as a quantitative measurement of exposure, 
although it can be used as a marker of exposure. O t h e r disadvantages of 
these measurements are that sample throughput is somewhat problematic 
for moderate-size epidemiological studies, and very sensitive analytical meth
ods are required . 

Internal Dose 
The next most useful exposure measures are those of internal dose. T h e 
direct measurement of a toxicant or one of its metabolites i n b lood or ur ine 
has significantly improved h u m a n exposure assessment and has thus i m 
proved h u m a n risk assessment for a n u m b e r of important toxicants. F o r ex
ample , without b lood lead measurements, most of the central nervous sys
tem effects of l ow- leve l lead exposure could not have been detected. 

To interpret b lood or ur ine toxicant levels accurately, analysts must 
know the pharmacokinetics of the toxicant and also must know the back
ground levels found i n the general populat ion. F o r example, some toxicants, 
such as the volatile organic compounds, are rapid ly e l iminated , whereas o th 
ers, such as the chlorinated hydrocarbon pesticides, may have a half-life i n 
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humans of more than 5 years. Thus , this information is cr i t ical for interpret 
ing whether the measured concentration reflects recent exposures or long-
term (chronic) exposures, or both. It is st i l l essential that the epidemiologist 
collect, to the extent possible, nonbiased questionnaire and history data on 
the potential exposure. 

I f the compound can be detected i n b lood or its components, we prefer 
these matrices because (1) the concentration of the toxicant i n the ur ine can 
vary greatly throughout the day; (2) the leve l i n the b lood more l ike ly r e 
flects the concentration available to the target site; and (3) although the par
ent compound is normal ly measured i n b lood, the metabolite is usually mea
sured i n ur ine , and that metabolite may not be specific for only one toxicant. 
A potential disadvantage for the measurement of the internal dose i n b lood 
is that the concentration of l ipophi l i c compounds i n an ind iv idua l can vary 
throughout the day, depending on the variabi l i ty i n the l i p i d content of the 
serum. However , expressing the concentration of the toxicant on a l i p i d -
weight basis, instead of a whole-weight basis, has proved to be an adequate 
adjustment (5). 

I n occupational studies, on the other hand , ur ine is the preferred b io 
logical matrix, pr imar i ly because it can be procured noninvasively. Its major 
advantage is the ease i n obtaining the sample compared w i t h the difficulty 
of venipuncture for obtaining a serum sample. T h e A m e r i c a n Conference of 
Governmenta l Industrial Hygienists (6) publishes biological exposure i n 
dices (BEIs) for use i n assessing occupational exposure to selected chemicals. 
T h e B E I is a reference value that indicates typica l concentrations of selected 
chemicals or their metabolites, p r imar i l y i n ur ine but also i n blood or ex
haled air, for healthy workers who have been exposed pr imar i l y by inhala
t ion to the selected chemical at its threshold l i m i t values. It is generally 
be l ieved that there is poor correlation between the levels of contaminants 
i n the blood and ur ine ; however, we found a h igh correlation of the levels 
of pentachlorophenol i n these two matrices after the ur ine was corrected for 
creatinine (7). 

W e recognized the cr i t ical need for sensitive and specific measurements 
of internal dose i n order to improve h u m a n exposure assessment. O u r lab
oratory is commit ted to developing such measurements and to apply ing 
them to epidemiological studies, w h i c h should substantially improve h u m a n 
risk assessment. W e have developed and appl ied methods of measuring the 
internal dose of polychlor inated and po lybrominated b iphenyls i n serum (8) 
as part of the M i c h i g a n Polychlor inated B i p h e n y l - P o l y b r o m i n a t e d B i p h e n y l 
Study (9); pentachlorophenol (10) i n the ur ine and serum of residents of log 
houses (7); low-molecular-weight diols i n serum (11) of alcoholics (12); 
pheno l and cresols i n the ur ine of workers (13); d iox in i n the adipose tissue 
(14) of residents of M i s s o u r i (15-18); d iox in i n the serum (19) of residents of 
Seveso, Italy (20); phenoxy acid herbic ides and chlor inated phenols i n ur ine 
(21) of residents l i v i n g near a Super fund site (22); and the volatile organic 
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compounds i n the blood of U . S . residents (23). W e give other examples of 
internal-dose measurements further on. 

Sometimes i n an epidemiological study, an exposure index based on 
measurements i n environmental med ia and on questionnaire and history 
information is a l l that is practicable and must be used. W h e n e v e r possible, 
this index should be compared w i t h measures of internal dose on at least a 
subset of the exposed populat ion to validate the exposure index and to ca l i 
brate the levels of exposure be ing examined. This was effectively done i n 
studying worker exposure to d iox in (24). However , measurement of the i n 
ternal dose is not the panacea for assessing exposure. As po inted out by 
H u l k a and M a r g o l i n (25), variabi l i ty w i t h i n the laboratory and also biological 
variabil ity, both intraperson and interperson, can lead to errors i n the as
sessment of exposure. T h e laboratory personnel and epidemiologists must 
attempt to m i n i m i z e these errors by using, for example, proper sampl ing 
design and quality assurance procedures. 

In this chapter we present examples of our experiences i n case-control 
and cohort epidemiological studies i n w h i c h we could compare measure
ments of internal dose w i t h exposure indices. T h e situations range from oc
cupational exposure to exposure among residents l i v i n g near hazardous 
waste sites. 

Examples 
O p e r a t i o n R a n c h H a n d S t u d y . F r o m 1962 to 1970, d u r i n g the 

V ie tnam conflict, the main mission of the U . S . A i r F o r c e s Operat ion Ranch 
H a n d was to spray defoliants, such as Agent Orange , over densely vegetated 
areas of South V ie tnam. Agent Orange consisted of an equal mixture of (2,4-
dichlorophenoxy)acetic acid (2,4,-D) and (2,4,5-trichlorophenoxy)acetic acid 
(2,4,5-T) i n diesel o i l ; the 2,4,5-T was contaminated w i t h 2,3,7,8-tetrachlo-
rodibenzo[fc,e][l,4] d ioxin ( 2 , 3 , 7 , 8 - T C D D [dioxin]) i n the parts -per -mi l l ion 
range. D i o x i n is l ip id-so luble and thus tends to store i n the l i p i d - r i c h depots 
of the human body; it has a long half-life of more than 7 years i n humans 
(26). Therefore, quite a bit is k n o w n about its pharmacokinetics i n humans. 
In 1982, the A i r Force designed a prospective cohort study, specifically to 
study health outcomes that may be associated w i t h exposure to Agent O r 
ange and other herbicides containing d iox in . These health studies w i l l be 
performed on the veterans of Operat ion Ranch H a n d every 5 years through 
the year 2002. O n e of the first tasks was to develop an exposure index, w h i c h 
is the concentration of the contaminant m u l t i p l i e d by the t ime of contact, to 
be the basis of assessing h u m a n exposure. 

This exposure situation was s imilar to that of an occupational setting i n 
that the pr imary exposure was thought to be direct exposure to the herb ic ide 
itself, rather than indirect exposure through an environmental pathway. T h e 
A i r Force knew the average concentration of d ioxin i n the Agent Orange 
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d u r i n g various periods. T h e durat ion and frequency of potential exposure 
for the m e n i n different mi l i tary occupational groups w i t h i n the operation 
were estimated on the basis of mi l i tary records. T h e n u m b e r of m e n i n the 
study was l i m i t e d to the 1200-1300 survivors of the operation. T h e U . S . A i r 
Force and various rev iew boards be l ieved not only that this exposure index 
cou ld serve as a rel iable basis for assessing exposure to d iox in , but that any 
noted adverse health effects cou ld be related to this index. 

I n 1987, the U . S . A i r Force contracted w i t h our laboratory to analyze 
150 serum samples from Operat ion Ranch H a n d veterans i n order to c om
pare the A i r F o r c e s exposure index w i t h the measured internal dose o f the 
veterans. There was essentially no correlation between the exposure index 
and the serum dioxin leve l . Therefore, the A i r Force then contracted w i t h 
the Centers for Disease C o n t r o l and Prevent ion ( C D C ) to analyze the serum 
of a l l surv iv ing members of Operat ion Ranch H a n d . This lack of correlation 
between the internal dose and the A i r F o r c e s exposure index cont inued 
throughout the study (27). There may be several reasons for this lack of 
correlation; these inc lude the A i r Force not k n o w i n g w h i c h bases i n V ie tnam 
housed the Agent Orange d u r i n g a g iven t ime per i od and ind iv idua l differ
ences i n job performance and other exposure activities, such as using Agent 
Orange as a degreaser for o i l on the body. T h e A i r Force subsequently 
changed the basis of its exposure assessment to the serum diox in measure
ment , a measure o f internal dose. H a d the A i r Force used its or ig inal ex
posure index for the Operat ion Ranch H a n d study, any conclusions about 
health effects w o u l d have been inva l id . 

U.S. Army Ground Troops in Vietnam. T h e contaminant of con
cern was dioxin i n Agent Orange; the potential env ironmenta l pathways 
were skin contact w i t h and inhalation of the spray containing the herb ic ide , 
skin contact w i t h sprayed vegetation and soi l , and ingestion of water and 
food that had been sprayed. T h e amount of d iox in i n the Agent Orange from 
1966 to 1969 was known. T h e durat ion of contact was gathered from ques
tionnaires g iven to the veterans and from U . S . mi l i tary records of the loca
tions of mi l i tary units , areas where herbic ide was sprayed, and the dates 
w h e n herbic ide was sprayed. 

Six exposure indices were generated from this information; four of the 
indices were based on a so ld iers potential for exposure from direct spray or 
on his be ing i n an area that had been sprayed w i t h i n the previous 6 days; 
the other two exposure indices used self -reported data and inc luded an i n 
dex based on the veterans percept ion of how m u c h he was exposed. To test 
the val idi ty of these exposure indices, we measured b lood d iox in levels i n a 
sample of enl isted ground troop veterans who had served i n III Corps for an 
average of 300 days d u r i n g 1966-1969. F o r comparison, d iox in i n a sample 
of non-Vietnam U . S . A r m y veterans who served d u r i n g the same t ime was 
also measured (28). 
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T h e results showed no meaningful association between d iox in levels and 
any of the exposure indices. T h e mean, median , and frequency distr ibutions 
for both the Vie tnam and non-Vietnam veterans were remarkably similar, 
indicat ing l i t t le , i f any, increased exposure to d ioxin i n this populat ion (Table 
I). This example illustrates the value of measurements of internal dose i n 
exposure assessment. It also shows the need to develop specific and sensitive 
methods: I f the detection l imi t for d iox in had been 20 ppt (lipid-adjusted), 
almost a l l the results w o u l d have been "nondetect . " F u r t h e r m o r e , because 
elevated exposures could not be documented , plans for a prospective cohort 
health study were dropped. 

Seveso, I t a l y . M o r e than 15 years have passed since the release of 
dioxin-eontaining materials from the Icmesa chemica l plant near Seveso, I t 
aly. Th is inc ident has received perhaps more pub l i c attention and study than 
any other residential exposure to a synthetic environmental toxicant; yet no 
deaths have been direct ly attr ibuted to it . I n fact, i n its last meet ing of F e b 
ruary 19-21 , 1984, the International Steer ing C o m m i t t e e of experts noted 
that chloracne was the only c l in ica l alteration to have a positive association 
w i t h soil levels of d ioxin . T h e committee also reported that no conclusion 
was yet possible about its association w i t h cancer, the study of w h i c h is s t i l l 
ongoing. F o l l o w i n g the 1976 to 1985 medica l examinations of the Seveso 
people and a nearby comparison group, smal l amounts of unused serum 
were frozen. In 1988, we met Italian officials and out l ined a protocol a imed 
at first de termin ing whether we could measure dioxin i n the smal l amount 
of reserved serum available from the most exposed populat ion (based on 
residential soi l levels of dioxin); i f so, cou ld we determine whether there is 
a difference between the d ioxin levels i n those who had developed chloracne 
(10 people) and those who had not (10 people). M a n y factors were s imilar 
for the two groups (e.g., gender and dioxin soil levels), whereas other factors 
favored higher exposure of the nonchloracne group (e.g., greater tendency 
to eat local produce and poultry, average n u m b e r of days res id ing i n the 
most exposed zone fo l lowing the explosion, and average length of t ime from 
explosion to the b lood draw); these characteristics are summarized i n Table 
II . T h e other pr imary difference is age at the t ime of the explosion; for chlor 
acne cases, the range was 2-16 years w i t h a mean of 7.2 years, and for c o m 
parisons it was 15-71 years w i t h a mean of 42.6 years. 

Individuals who had the highest l ip id-adjusted serum T C D D levels 
tended to develop chloracne. However , there was no clear serum T C D D 
level above w h i c h chloracne was produced and be low w h i c h chloracne d i d 
not occur (20); such a result w o u l d have been surpris ing. T h e point is that 
there was no "magic " l eve l that produced chloracne. T h e best quantitative 
marker for exposure is not chloracne or residential T C D D soil levels but 
rather the internal dose. 
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Table I. Distribution (1987) of 2,3,7,8-Tetrachlorodibenzo-p-dioxin in Serum 
Lipids (PPT) of 743 Vietnam-Era Veterans 

Place of 
Service Median Mean ± SD 25th 50th 

Percentile 

75th 90th 95th 

Non-Vietnam 3.8 4.1 ± 2.3 3.8 3.8 4.9 7.2 9.2 
(n = 97) 

Vietnam 3.8 4.2 ± 2.6 2.8 3.8 5.1 6.8 7.8 
(n = 646) 

Residents Living near Toxic Waste Sites. W o r k practices that i n 
vo lved electric transformers w i t h polychlor inated b i p h e n y l (PCB)-conta in ing 
dielectr ic f l u i d at a repair and maintenance facil ity i n Pao l i , Pennsylvania , 
resulted i n extensive, h igh- leve l P C B contamination of soil and surfaces— 
up to 420,000 p p m i n the work area and 36,000 p p m i n soil . So i l contami
nation i n nearby residential neighborhoods ranged from less than 1 p p m to 
more than 6400 p p m ; the normal l eve l of P C B s i n U . S . soi l is less than 1 
ppb . L o c a l creeks and trout i n those creeks also contained elevated levels o f 
P C B s . I n this example, the frequency and durat ion of contact w i t h the con
taminant were not estimated for each person or for groups. Rather, 62 per 
sons older than 3 years of age, from neighborhoods adjacent to or i m m e d i 
ately down a gradient from the repair facility were selected by us ing a 
probabi l i ty sampling to represent the entire populat ion of the neighbor
hoods (396 persons). 

A second preselected group of 85 was chosen from persons who l i v e d i n 
homes w i t h yards that had at least one soil P C B measurement greater than 
150 p p m . W e measured the P C B s i n the serum (29) of these 85 persons. I n 
the probabi l i ty sampling group, the serum P C B levels ranged from less than 
1 ppb to 23.7 ppb w i t h a geometric mean of 4.3 ppb and an arithmetic mean 
of 5.8 ppb . The geometric mean and ar i thmetic mean of the 23 serum P C B 
concentrations i n the preselected group were 5.9 p p b and 10.4 ppb , respec
t i ve ly—higher than the probabi l i ty sampl ing group—but the geometric 
means were not statistically significantly different. I f the one outl ier value 
of 76.9 ppb is discarded, the geometric and ar i thmetic means are 5.3 ppb 

Table II . Characteristics (Mean ± SD) of Selected Seveso A Zone Residents 

# Who Ate 
Dioxin Soil Days in A Local Dioxin Serum 

Levels Zone after Produce- Levels—Lipid 
Group N Age (Years) f(xg/m2j Explosion Poultry Adjusted (ppt) 

Chloracne 10 7.2 ± 4.2 1071 ± 338 10 ± 7.0 6 19,144 ± 16,241 
Nonchloracne 9 42.2 ± 16.1 1171 ± 26 16.1 ± 0.4 9 5240 ± 2946 

N O T E S : SD is standard deviation; ppt is parts per trillion 
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and 7.4 ppb , respectively. This value was discarded because the person w i t h 
this value had been occupationally exposed; P C B values for other members 
of his family were between 5 and 9 ppb , and the next highest P C B leve l 
found was less than half of this leve l . 

The authors conc luded that the populat ion near the work site i n Paol i 
had exposure s imilar to that of populations w i t h typical background exposure 
elsewhere i n the U n i t e d States. M u l t i p l e l inear regression analysis, con
tro l led for age, sex, years of residence near site, and other factors, found age 
to be the only variable significantly associated w i t h serum concentrations of 
P C B s (30), w h i c h , l ike d iox in , are l ipophi l i c and have long biological half-
lives (31). O n e unusual f inding i n this study was that gas chromatographic 
peaks consistent w i t h a rarely used Aroc lor (AR 1268) were found i n three 
persons and i n 9 of 16 dogs (32). However , environmental testing d i d not 
reveal the presence of A R 1268. 

These P C B findings are s imilar to other site-specific investigations that 
we have conducted around toxic waste sites. In 1988, S tehr -Green et a l . (33) 
reported that in 10 of 12 pilot exposure-assessment studies, we found no 
excess proport ion of overtly exposed persons, i n spite of h igh P C B levels i n 
soil or leachate on the sites. T h e two sites where an elevated proport ion of 
exposed persons was found were i n N e w p o r t C o u n t y (New Bedford), M a s 
sachusetts, and M o n r o e C o u n t y (Bloomington), Indiana. A fol low-up study 
of the population around Bloomington , Indiana, has been completed , and 
the report is i n draft form. The Greater N e w Bedford Study (34) was con
ducted from 1984 to 1987 to assess the prevalence of elevated levels of P C B s 
i n the serum of persons aged 18 to 64 years who had resided i n the area for 
at least 5 years. Because of documented environmental contamination by 
P C B s i n the N e w Bedford area, the practice of recreational fishing i n the 
harbor for food, and the findings from a pi lot study (35), researchers ex
pected to f ind a significant n u m b e r of persons w i t h elevated P C B levels. 
Instead, they found that the P C B levels among the 840 participants were 
similar to those found among persons i n other urban U . S . populations; the 
geometric means of the samples were 4.3 ppb among males and 4.2 ppb 
among females. However , persons who ate locally caught seafood from inner 
N e w Bedford H a r b o r tended to have higher concentrations of serum P C B s , 
although their mean value was less than 20 ppb , w h i c h is the upper 9 5 % 
leve l of serum P C B s i n the U n i t e d States (32). 

W e also collaborated i n an exposure assessment and health effect study 
of people l i v ing near the H o l l y w o o d D u m p Site, in M e m p h i s , Tennessee; 
this toxic waste site contains chlor inated hydrocarbon pesticides. T h e results 
of the analyses (36) of the serum of 370 persons and the adipose tissue of 297 
of them revealed that persons l i v i n g around the d u m p site had not been 
overtly exposed to these chlorinated pesticides (37). I n each of these studies, 
internal dose measurements substantially clarif ied exposure assessment and 
thus he lped guide the risk management policy. 
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1,1 , l-Trichloro-252-bis(p-chlorophenyl)ethane (DDT) in Triana, 
Alabama. In D e c e m b e r 1978, publ i c i ty concerning h igh D D T residues 
i n fish caught i n Indian C r e e k , downstream from a defunct D D T manufac
tur ing plant near Triana, A labama, raised the question of increased exposure 
for the large n u m b e r of people who ate locally caught fish. W e analyzed the 
edible portions of several fish and the serum of 12 local residents, who ate 
several meals of fish weekly, for D D T and its metabolites, l , l - d i c h l o r o - 2 , 
2-bis(p-chlorophenyl)ethene ( D D E ) and l,l-dichloro-2,2-bis(p-chlorophenyl) 
ethane ( D D D ) . T h e average concentration of total D D T (i.e., D D T + 
D D E + D D D ) i n the fish was 226 p p m — t h e F o o d and D r u g A d m i n i s t r a 
t ion s action leve l is 5 p p m ; the 12 residents also had extremely h igh levels 
of these compounds, inc lud ing the highest l eve l ever reported i n an i n d i v i d 
ual . Subsequently, a communi ty -wide study was conducted (38). 

T h e 518 persons who registered for the study seemed ideal to m o d e l for 
exposure to D D T , because the pr imary environmental m e d i u m (food) and 
the approximate concentration of the pol lutant i n that m e d i u m were k n o w n , 
the pr imary route of entry (ingestion) was k n o w n , and the n u m b e r of meals 
eaten per week of locally caught fish cou ld be learned from questionnaires. 
Therefore, this situation offered a good opportunity to develop an exposure 
index i n an environmental setting. 

W e measured D D T and its metabolites i n 499 persons of a wide range 
of ages. T h e serum levels ranged from 0.6 to 2821 ppb w i t h a geometric 
mean of 76.2 ppb , w h i c h is greater than five t imes the geometric mean found 
i n the U . S . population i n T h e Second Nat ional H e a l t h and N u t r i t i o n E x 
amination Survey ( N H A N E S II) (37). F o r the Triana study, the exposure 
index of concentration of the pollutant i n the environmental m e d i u m (fish) 
and the amount of fish eaten per week were significantly related to internal 
dose; however, age was an even better predictor. These findings emphasize 
that for exposure to D D T and other l ipophi l i c toxicants, age must be consid
ered i n the interpretation of measures of internal dose. I n fact, P C B s were 
subsequently measured (39) i n this populat ion, and age was found to be the 
best predictor (r = 0.56) of the log P C B leve l (40). T h e Triana study d e m 
onstrated how measures of internal dose can he lp identify (1) predictors of 
exposure and (2) confounding factors that require adjustment i n exposure 
assessment. 

Occupational Dioxin Study. T h e Nat ional Institute for O c c u p a 
tional Safety and H e a l t h ( N I O S H ) of the C D C conducted a retrospective 
cohort study of 5172 workers at 12 plants i n the U n i t e d States that produced 
chemicals contaminated w i t h 2 , 3 , 7 , 8 - T C D D (24). T h e exposure index was 
based on the duration of exposure that was calculated from a careful and 
detai led rev iew of each worker's occupational records. W e then measured 
(19) the serum T C D D levels of 253 of these workers and a comparison 
group. T h e serum dioxin levels were significantly related to the exposure 
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index (Pearson correlation coefficient of 0.72, p < .0001). O n the basis of 
this correlation, the N I O S H exposure index can be used to assess any ad 
verse health effects observed i n its populat ion. However , even i n this study, 
the exposure index cannot be used to rel iably predict the serum leve l of a 
given ind iv idua l . 

Conclusions 
W e have presented six exposure situations. In four of these (Operation 
Ranch H a n d , Seveso, Triana, and the N I O S H Occupat ional D i o x i n Study), 
we found highly exposed populations; i n two studies (the U . S . A r m y ground 
troops i n Vietnam and residents l i v i n g near hazardous waste sites), we d i d 
not. T h e N I O S H Study represents an occupational setting i n w h i c h the pop
ulation is direct ly exposed to the source or the or ig in of the pollutant. T h e 
Operat ion Ranch H a n d study is somewhat s imilar in that many of the m e n s 
mi l i tary occupations caused them to handle the herbic ide daily. In the 
N I O S H study, the exposure index predic ted the internal dose for the pop
ulat ion; i n the Operat ion Ranch H a n d study, it d i d not. Three other s itua
tions are more representative of chronic environmental exposure. In Triana, 
the pr imary route of the D D T s entry was ingestion of h igh ly contaminated 
fish, whereas i n the other two studies ( U . S . A r m y ground troops i n V ie tnam 
and residents l i v i n g near toxic sites), the pollutants ' routes of entry cou ld 
have been ingestion, inhalation, or skin contact, or a combinat ion of these 
routes, and the environmental med ia could have been air, soi l , food, or per 
haps water. F inal ly , Seveso is an example of an acute environmental expo
sure. 

The choice of methods to assess exposure depends on (1) intended use 
of the exposure data, (2) economic and logistic constraints, and (3) the avai l 
abi l i ty and interpretabi l i ty of measures of exposure (external dose, internal 
dose, or biologically effective dose) for the toxicant of interest. E n v i r o n m e n 
tal measurements of toxicant concentration i n air, water, food, and soil w i l l 
always be important for regulatory purposes. These external dose measure
ments should be correlated to measurements of the internal dose or b io log
ically effective dose, whenever possible. T h e assessment of h u m a n exposure 
based on environmental moni tor ing alone must be done very cautiously. 

F o r epidemiological studies of the relationship between exposure and 
health effects, every effort should be made to use the exposure measures 
closest to the health effect i n the pathway shown i n F i g u r e 1. Usual ly , this 
is a measurement of internal dose (e.g., the concentration of the toxicant or 
its p r imary metabolite i n b lood or urine). I f exposure indices based on e n 
vironmenta l measurements or on questionnaire and history information are 
to be used to determine human exposure, rather than the direct measure
ments of internal dose or biologically effective dose, it is necessary to v a l i 
date and calibrate the exposure index against direct measurements of inter -
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nal dose i n a subset of the exposed populat ion, i f at a l l possible. Ca l ibra t i on 
is needed so that investigators can compare the levels of exposure to a given 
toxicant i n populations from different studies, such that a " h i g h " l eve l of 
exposure i n one study is equivalent to a " h i g h " l eve l i n another. F u t u r e 
efforts to characterize the pharmacokinetics o f measures o f in terna l dose and 
biologically effective dose are important . T h e pharmacokinet ic studies are 
especially important for those toxicants that have short half-l ives i n humans. 
Because many environmental toxicants are ubiquitous , it is also necessary to 
know the normal concentration range of these toxicants i n humans, stratified 
by age, gender, race, and so forth. W e are current ly d e t e r m i n i n g these ref
erence levels for 32 volati le organic compounds and 12 phenols and phenoxy 
acids i n a subset of the T h i r d Nat ional H e a l t h and N u t r i t i o n Examinat i on 
Survey. W e are also attempting to develop sensitive, specific, re l iable , and 
affordable measures of internal dose and biological ly effective dose, w h i c h , 
combined w i t h sound epidemiology, w i l l substantially improve h u m a n ex
posure assessment and h u m a n risk assessment. 
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11 
Research Strategy for Assessing 
Human Health Risks from Exposure 
to DNA-Reactive Chemicals 
1,3-Butadiene as a Case Study 

James A . Bond, Leslie Rec io, and Roger O. McClel lan 

Chemical Industry Institute of Toxicology, P.O. Box 12137, 
Research Triangle Park, NC 27709 

The interaction of chemicals or their metabolites with DNA is a major 
factor in chemical carcinogenesis. One potential strategy for more 
accurately estimating human health risks from exposure to DNA
-reactive chemicals is to develop research that will improve our un
derstanding of the mechanisms of action of chemicals within an ex
posure --> tissue dose --> cancer response paradigm. The development 
of quantitative linkages between exposure and response, which are 
based on biologically plausible mechanisms of action at exposure lev
els likely to be encountered by people, will significantly improve the 
risk assessments for human exposures to DNA-reactive chemicals. 
1,3-Butadiene (BD) represents an interesting case study in which the 
foregoing research strategy is providing data that are critical for un
derstanding interspecies differences in responses to BD. BD is a car
cinogen in rats and mice; mice are more sensitive than rats. It is not 
known whether BD poses a carcinogenic risk for humans. BD re
quires metabolic activation to DNA-reactive epoxides that can bind 
to DNA to initiate a series of events leading to tumor formation. Spe
cies differences in activation and detoxication need to be considered 
in developing human risk estimates for BD. BD activation-to-detox-
ication ratios are markedly different for mouse (74), rat (6), and hu
man (6) liver tissues. The differences in the ratios between mice and 
rats are consistent with the higher carcinogenic sensitivity of mice to 
BD, compared with rats. Additional data, which were developed by 
using a transgenic mouse model system, have indicated that BD in
duces in vivo mutations in target tissues. These data coupled with the 
BD metabolism data in mice, rats, and humans form the basis of a 
mechanistically based BD tissue dosimetry model in rats and mice 

0065-2393/94/0241-0137$08.00/0 
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that can now serve as the basis for a human dosimetry model. This 
dosimetry model enables key extrapolations from high- to low-dose 
exposures and between species and will be employed in a human risk 
assessment for BD. 

T H E INTERACTION OF CHEMICALS OR THEIR METABOLITES WITH DNA is 
a major factor i n carcinogenesis of a n u m b e r of chemicals ( J , 2, and refer
ences therein). A central hypothesis for the mechanism of action of many 
D N A - r e a c t i v e chemical carcinogens is that the generation of D N A damage 
coupled w i t h subsequent ce l l repl ication can result i n mutations i n specific 
genes that play a key role i n the carcinogenic process. However , not a l l types 
of damage to D N A , whether i n the form of D N A adducts, cross-l inks, or 
base deletions, w i l l have the same impact on the repl icat ing ce l l . F o r ex
ample , some abundant and stable D N A adducts are excellent markers of 
exposure but may be poor markers of risk, because they are not promuta -
genic. D N A adducts may occur at sites that are not essential for ce l l function 
and thus w o u l d have l itt le impact on cancer development . Addit ional ly , the 
abi l i ty of a ce l l to repair the damaged D N A and the rate and f idel ity of the 
repair w i l l have important consequences for whether the damage is f ixed 
and ult imately results i n a mutational event. Thus , knowledge of how c h e m 
icals interact w i t h D N A , the probabi l i ty of that interaction induc ing a spe
cific mutat ion, and the subsequent probabi l i ty of tumor formation is cr i t ical 
for the development of biologically based models to predict the h u m a n 
health consequences for D N A - r e a c t i v e chemicals. 

A major goal of the C h e m i c a l Industry Institute of Toxicology ( C U T ) 
D N A - r e a c t i v e chemical research strategy is the development of a b io log i 
cally based mechanistic approach to assessing h u m a n cancer risks for expo
sure to these types of chemicals. T h e research involves the development of 
biologically based descriptions of dosimetry (i .e. , metabol ism and hemoglo
b i n - and D N A - a d d u c t formation) and incorporation of mechanisms of c h e m 
ically induced mutation into a biologically based framework for tumor for
mation. Several components to the D N A - r e a c t i v e chemical research strategy 
are used at C U T . These components, i l lustrated i n F i g u r e 1, inc lude b io -
markers, dosimetry, D N A interact ion, mutat ion induct ion , ce l l prol i feration, 
and tumor induct ion . Data developed from biomarker, dosimetry, and D N A 
interaction studies serve as cr i t ical input for the dosimetry models that are 
ult imately developed. Data developed from D N A interaction studies as w e l l 
as mutation induct ion , ce l l prol i feration, and tumor induct ion studies, cou
p l e d w i t h the dosimetry models, can support the development of biological 
response models. 

A recommended research approach for studying D N A - r e a c t i v e c h e m i 
cals includes experiments that quantitatively describe the translocation of 
material from the external environment to cr i t ical target sites on D N A and 
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11. BOND ET AL. Risks from DNA-Reactive Chemicals 139 

Figure 1. Important components of a DNA-reactive chemical research strat
egy designed with a biologically based mechanistic approach for assessing 
human cancer risks for exposure to these types of chemicals. 

the role of the damaged D N A i n increasing the l ike l ihood of mutat ion. These 
experiments involve such dynamic processes as absorption, d i s tr ibut ion , and 
i n the case of nonreactive chemicals, metabol ism to D N A - r e a c t i v e and stable 
nontoxic compounds. T h e formulation of quantitative descriptions of the 
metabolic pathways invo lved i n the product ion of D N A - r e a c t i v e metabolites 
should be a key component of the approach. These descriptions inc lude both 
activation and detoxication pathways, because the ult imate concentration of 
the D N A - r e a c t i v e species at the target site depends on the balance between 
these pathways. It is l ike ly that both exposure concentration and exposure 
rate changes can affect the balance between activation and detoxication pro 
cesses. T h e rates of D N A damage (i.e., D N A adduct formation and D N A 
strand breaks) and repair as w e l l as the t ime course for formation and per 
sistence of adducts are also major considerations. Addit ional ly , knowledge of 
ce l l repl ication can provide a cr i t ical l inkage between interact ion of c h e m i 
cals w i t h D N A and the abi l i ty of the damaged D N A to induce mutational 
events and subsequent tumor development. A n evaluation of the use of mac-
romolecular adducts formed from reactive chemicals as monitors of expo
sure, i n w h i c h the use of the biomarkers as an indicator of tissue dose is 
part icularly emphasized, is another important consideration. T h e macro-
molecular adducts should inc lude D N A adducts and hemoglob in adducts. 
Ult imate ly , this research strategy w i l l specify the relationships among dif
ferent biomarkers of exposure w i t h respect to their relative levels and t ime 
of appearance after exposure to D N A - r e a c t i v e chemicals. 

BD as a Case Study 
B D represents an interest ing case study i n w h i c h the foregoing research 
strategy is prov id ing data that are cr i t ical for understanding interspecies dif-
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ferences i n responses to B D . B D , a monomer w i d e l y used i n the product ion 
of synthetic rubber and other resins, exhibits l ow acute inhalation toxicity 
i n rodents (hC^ < 120,000 ppm) (3) and causes sensory irr i tat ion i n humans 
at concentrations of 2000-8000 p p m (4). Occupat ional exposures to B D can 
result d u r i n g product ion , storage, and transport of the chemical . B D has 
been detected i n cigarette smoke (5) and automobi le exhaust (6) and is cur 
rent ly l is ted as one of the 189 hazardous air pollutants i n the 1990 C l e a n A i r 
A c t A m e n d m e n t s (7). 

B D induces tumors at mul t ip le organ sites i n B 6 C 3 F 1 mice and 
S p r a g u e - D a w l e y rats (8-10). I n mice , several tissues are targets for B D car
cinogenicity, inc lud ing heart, l u n g , mammary gland, ovary, forestomach, 
bone marrow, and liver. A n activated K-ras gene was observed i n l u n g and 
l iver tumors and lymphomas of B 6 C 3 F 1 mice exposed to B D (11). T h e str ik
ing aspect of B D - i n d u c e d carcinogenicity is the h igh sensitivity of mice to 
B D . Tumors were observed i n mice at concentrations as l ow as 6 p p m , and 
steep concentration-response curves were evident for several tumors. T h e 
tumor sites i n rats are different and inc lude the thyro id , mammary g land, 
Z y m b a l gland (auditory subaceous gland), uterus, testis, and pancreas. Rats 
exhibit a relatively low sensitivity to B D , because tumors occur at B D con
centrations (1000-8000 ppm) nearly three orders of magnitude higher than 
i n mice . 

B D displays mutagenic activity i n Salmonella typhimurium, but only i n 
the presence of hepatic 9000-g supernatant (12-14), w h i c h indicates that B D 
is not mutagenic but that its metabolites, possibly l ,2 -epoxybut-3-ene [bu
tadiene monoepoxide ( B M O ) ] and l ,2 :3 ,4 -diepoxybutane [butadiene d ie -
poxide ( B D E ) ] , are responsible for the observed bacterial mutagenicity. B D 
is also genotoxic i n v ivo , induc ing chromosome aberrations and sister chro 
mat id exchanges i n bone marrow cells and micronucleus formation i n pe 
r iphera l b lood of male B 6 C 3 F 1 mice (15,16) but not i n S p r a g u e - D a w l e y rats 
(16). 

Studies on the induct ion of B D - i n d u c e d mutational events have p r i m a r 
i ly been carried out i n ce l l culture systems, and extrapolation of these data 
to i n v ivo genetic effects is difficult. Therefore, i n v ivo approaches to deter
mine mutat ion induct ion i n somatic cells of tissues need to be considered. 
Transgenic mice constructed w i t h mutational target genes can permi t the 
study of dose-response and the molecular basis of mutat ion i n tissues from 
animals w i t h def ined carcinogenic exposures. 

C e r t a i n transgenic mouse models are i n v ivo shuttle vector systems (17) 
that use bacterial genes (e.g., lad or lacZ) as mutational targets inserted 
w i t h i n the X-phage genome that is integrated into the mouse genome. T h e 
induct ion of mutations can be de termined w i t h respect to exposure, dose-
to-target tissues, and D N A adduct levels, thereby prov id ing a l ink between 
i n v ivo exposures and mutagenic events. T h e mutated transgene can be se
quenced , thereby prov id ing the opportunity for assessment of mutational 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
01

1

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



1 1 . BOND ET AL. Risks from DNA-Reactive Chemicals 141 

specificity. This provides a unique opportunity to determine the induct ion 
of B D mutations i n mice that w i l l reflect the integrated i n v ivo pharmaco
kinet ic and biotransformation processes that ul t imately result i n B D - d e r i v e d 
mutagenic metabolites. 

Three enzymes appear to play major roles i n the overal l metabol ism of 
B D , cytochrome P-450-dependent monooxygenases, epoxide hydrolases, 
and glutathione ( G S H ) S-transferases. I n addit ion to enzymic reactions, B D 
epoxides may nonenzymatical ly hydro lyze or conjugate w i t h G S H . Pres 
ently, insufficient data quantitatively describe the contr ibut ion of these var
ious pathways i n S p r a g u e - D a w l e y rats and B 6 C 3 F 1 mice , species suscepti
b le to B D - i n d u c e d carcinogenesis, or humans, a species potential ly at risk 
for B D . Because one or more of the B D epoxides may play a role i n the 
carcinogenicity of B D , a quantitative determinat ion of the balance of act i 
vation (i .e., epoxide formation) and inactivation (i.e., epoxide hydrolysis or 
conjugation) is essential for improv ing our understanding and assessment of 
human risk fol lowing exposure to B D . 

This chapter describes quantitative species differences i n the oxidation 
of B D and B M O by cytochrome P450-dependent monooxygenases and i n 
the inactivation of B M O by epoxide hydrolases and glutathione S-transfer
ases found by using microsomal and cy tosolic preparations of l ivers obtained 
from S p r a g u e - D a w l e y rats, B 6 C 3 F 1 mice , transgenic mice ( C D 2 F 1 ) , and 
humans. In addit ion, transgenic mice were used to assess the capacity of B D 
to induce i n v ivo mutations. T h e data from these studies provide a quant i 
tative descript ion of the relative contributions of the various pathways of B D 
metabol ism i n three animal species, i n c l u d i n g humans, and the role that 
metabol ism plays i n forming mutagenic D N A - r e a c t i v e B D metabolites. Data 
developed on B D metabol ism can serve as the basis for the development of 
a B D dosimetry model . T h e B D dosimetry mode l w i l l enable key extrapo
lations from h i g h - to low-dose exposures and between species and w i l l be 
predict ive of target tissue levels of reactive B D metabolites. T h e dosimetry 
mode l can by employed i n a human risk assessment for B D . 

Materials and Methods 
A n i m a l s . M a l e S p r a g u e - D a w l e y ( C D ) rats (9-10 weeks) and male 

B 6 C 3 F 1 mice (9-10 weeks) were obtained from Charles R i v e r Laboratories 
(Raleigh, N C ) . T h e M u t a M o u s e ( M M ) transgenic strain [ B A L B / c X D B A / 2 
(CD2F1)] of mice (6 weeks) was purchased from Haz le ton Research P r o d 
ucts, Inc. T h e construction of the shuttle vector i n X-phage (Xgt 10 lacZ), 
w i t h the inserted bacterial target gene for mutagenesis (lacZ) and product ion 
of the transgenic mice , is descr ibed i n detai l elsewhere (18). A l l animals 
were determined to be free from v i ra l infection and were accl imated for at 
least 2 weeks pr ior to use. Animals were fed w i t h standard diet ( N I H - 0 7 ; 
Ze ig ler Brothers , Gardners , PA) and rece ived water ad l i b i t u m . T h e y were 
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maintained on a 12-h l i ght -dark cycle, beg inning at 0700, and housed at 
22 ± 2 °C and 55 ± 5% relative humidity . 

Preparation of Liver Microsomes for Metabolism Studies. R o 
dents were euthanized by either sodium pentobarbital or C 0 2 asphyxiation, 
and the l ivers were excised, frozen i n l i q u i d nitrogen, and stored at — 80 °C. 
L ivers were slowly thawed whi l e on ice, we ighed , cut into pieces, and ho 
mogenized w i t h 4 volumes of isotonic K C l - T r i s buffer w i t h six passes of a 
Teflon-glass homogenizer (1100 revolutions per minute Braun) . Microsomes 
and cytosol were prepared as descr ibed previously (19). 

Samples of l iver (n = 12) from trauma vict ims (Tennessee D o n o r Ser
vices, Nashvi l l e , T N ) were used i n these experiments. Samples were frozen 
(— 80 °C) and remained frozen d u r i n g shipment. Tissues were slowly thawed 
on ice and homogenized, and microsomes and cytosol were isolated as de
scribed previously (19). Typically, a l l 12 samples were used for the in i t ia l 
assessment of reaction rates for an enzyme-catalyzed reaction. The 12 sam
ples were then rank-ordered by enzyme activity, and the three samples rep 
resenting the highest, lowest, and median enzyme activities were used for 
the enzyme kinet ic experiments. F o r determinat ion of B D oxidation k inet 
ics, a l l 12 l iver samples were used. 

Prote in content was de termined by us ing a modi f ied m i c r o - L o w r y 
method (20). Cytochrome P450 content was estimated spectrally (21). 

Cytochrome P450-Dependent Metabolism of BD. Microsomes 
were d i lu ted w i t h 0 . 1 - M phosphate buffer ( p H 7.4) to the desired prote in 
concentration. O n e mi l l i l i t e r of d i lu ted microsomes was placed i n each 10-
m L v ia l (Hypo V i a l , Pierce C h e m i c a l Company, Rockford, I L ) , w h i c h was 
sealed w i t h Tuf -Bond septa (Pierce C h e m i c a l Company, Rockford, I L ) . Vials 
were shaken at 37 °C i n a Dubno f f metabolic shaking incubator. After a 10-
m i n preequi l ibrat ion per iod , B D (600-25,000 ppm) i n a gas-tight syringe 
(Hami l ton Company, Reno, N V ) was injected into the sealed, airtight vials. 
After an addit ional 10-min preincubat ion, the enzymic reaction was started 
by adding 100 |xL reduced nicot inamide adenine dinucleot ide phosphate 
( N A D P H ) (4 fjimol). Pre l iminary experiments indicated that this p r e i n c u 
bation per iod was essential for equi l ibrat ion of B D between the l i q u i d and 
gas phases. 

A i r samples (100 u X ) were w i thdrawn from the headspace (i.e., gas 
phase) of the v ia l at 5 -min intervals (up to 45 min) and analyzed by gas 
chromatography w i t h a Hewle t t -Packard gas chromatograph ( H P 4890A Se
ries II) equ ipped w i t h a flame ionization detector and a 7-ft X 1/8-in stain
less-steel co lumn f i l led w i t h d iphenylphenylene oxide (Tenax) 35 -60 mesh. 
The carrier gas was h e l i u m (18.5 m L / m i n ) and the detector, c o lumn, and 
injector temperatures were 250, 130, and 200 °C, respectively. U n d e r these 
conditions, the retention times of B D and B M O were 0.80 m i n and 2.20 
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m i n , respectively. Ca l ibrat ion curves of B D and B M O were l inear i n the 
concentration ranges of 10-55,000 p p m and 1-340 p p m , respectively. 

Enzyme-Mediated Hydrolysis of B M O . E n z y m e - m e d i a t e d hydro 
lysis of B M O by epoxide hydrolase was measured exactly as descr ibed for 
the cytochrome P450-dependent reactions, except that B M O was used as 
the substrate for the reaction and N A D P H was not added. N A D P H was 
omitted from the reactions to prevent enzymic oxidation of B M O . To assess 
the nonenzymic hydrolysis of B M O , reactions were carr ied out i n the pres
ence of heat-inactivated tissue. 

Enzyme-Mediated Conjugation of B M O with G S H . T h e reaction 
mixtures (0.1 m L ) containing different B M O concentrations (2.5, 7.4, 17.4, 
37 .1 , and 74.5 m M ) , cytosolic prote in (1.0 m g / m L ) , and G S H (10 m M ) were 
placed i n Screw C a p Septum vials (Pierce C h e m i c a l C o . , Rockford, I L ) and 
sealed w i t h Tu f -Bond septa. 3 H - G S H (40 u ,C i /mL) was added to the vials, 
and after a 10-min incubation at 37 °C, 0.1 m L cooled methanol was added, 
and the precipitated proteins were centri fuged for 1 m i n at 12,500 g. Reac
tions were l inear w i t h t ime for at least 10 m i n . A n aliquot of supernatant (10 
|ubL) was chromatographed by high-pressure l i q u i d chromatography ( H P L C ) 
(Waters 510 pumps , M i l f o r d , M A ) . Metabol i tes were separated on a 5-|xm 
C 1 8 Ultrashere co lumn (250 X 4.6 (i.d.) m m ; Beckman) and the absorbance 
of the effluent was monitored by U V detection (Waters 486 Tunable A b s o r b 
ance Detector, X = 263 nm). Metabol i tes were quantitated b y moni tor ing 
the radioactivity of the eluant w i t h a Packard F l o w O n e Beta in - l ine radiof low 
detector (Packard, Downers Grove , I L ) . Analysis was per formed under iso-
cratic conditions of methanohO. 1% trif luoroacetic acid (15:85) w i t h a 1.0 m L / 
m i n f low rate. T h e retention times for G S H , ox id ized glutathione ( G S S G ) , 
and the two major G S H conjugates, S- ( l -hydroxy-3-buten-2-yl )g lu-
tathione and S-(2-hydroxy-3-buten-l -yl )glutathione, were 3.8, 4.5, 7.8, and 
8.5 m i n , respectively. D a t a on rates of formation of G S H conjugates that are 
reported represent the sum of the ind iv idua l rates of formation for each of 
the conjugates. Recovery of G S H , G S S G , and metabolites from the c o l u m n 
was greater than 99%. 

Experimental Design for Mutagenicity Studies. T h e mutagenic
ity experiment ut i l i zed three groups of animals w i t h five M M per group. 
T h e B D group was exposed to 625 p p m B D for 5 consecutive days for 6 h / 
day. This exposure concentration was selected because previous studies i n 
dicated that exposure of B 6 C 3 F 1 mice to 625 p p m B D for up to 60 weeks 
resulted i n significant elevation of tumor incidences i n a n u m b e r of organs 
(8). T h e two remain ing groups of animals consisted of air controls that were 
housed i n chambers s imilar to those of the B D - e x p o s e d group and a group 
of animals administered N-ethy l -N-n i t rosourea (ENU) at 250 mg/kg (intra-
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peritoneal injection dissolved i n d i m e t h y l sulfoxide) as a positive control . 
An imals were housed i n ind iv idua l w i re mesh cages inside a 1-m 3 H i n n e r s -
style chamber (22). D u r i n g the 6 h of exposure to air or B D , the animals 
were without food but had free access to water. A i r f low i n the chamber was 
maintained w i t h i n 10% of 15 air changes per hour. 

B D exposure levels i n the chamber were moni tored by infrared spec
troscopy us ing a Foxboro Wi lkes M i r a n I A I R (Norwalk, C T ) . B D was gen
erated direct ly from a l iqu id -gas storage tank operated at approximately 24 
pounds per square inch . T h e vapor was passed through a cal ibrated f low 
control device pr ior to mix ing w i t h the high-efficiency particulate air- f i l tered 
d i lu t i on air supply ing the exposure chamber. T h e B D exposure concentra
tions throughout the chamber were w i t h i n 5% of the target. Relat ive h u 
mid i ty i n the chamber was maintained at 50 ± 10%, and temperature was 
maintained at 22 ± 2 °C. T h e five control mice were s imi lar ly housed i n a 
second chamber i n the same room. T h e y were exposed to clean air of the 
same temperature, relative humidi ty , and air flow as that de l ivered to the 
B D - e x p o s e d animals. 

Animal Necropsy and Tissue Collection. M M were k i l l e d by an 
overdose of sodium pentobarbital and exsanguinated by cardiac puncture , 
and the b lood was col lected i n hepar in ized syringes. The l iver and lungs 
excised from the animals were immediate ly frozen i n l i q u i d nitrogen and 
subsequently stored frozen at — 80 °C. Bone marrow was removed from the 
tibias and femurs by r ins ing w i t h Dulbecco s phosphate buffered saline 
( G I B C O , G r a n d Island, N Y ) . T h e ce l l suspension was placed i n a microcen
trifuge tube, and the bone marrow cells were pe l le ted i n a microcentri fuge 
at m a x i m u m speed for 30-^5 sec. T h e supernatant was discarded; the ce l l 
pel let was frozen i n l i q u i d nitrogen and then stored at — 80 °C u n t i l the D N A 
was extracted. 

Bacterial Strains and Media. T h e fo l lowing bacterial strains 
(mcrA~ and mcrbB~) were used: Escherichia coli C/lacZ~ lad- (tetracy
c l ine , ampici l l in) and E. coli C~fh¥JlacL~ (Stratagene, L a Jol la , C A ) . Stan
dard bacterial L u r i a - B e r t a n i (LB) m e d i u m (21) was used for bacterial growth 
and plat ing. F o r visualization of plaques, 5-bromo-4-chloro-3- indolyl -P -D-
galactoside (X-gal) (0.45 m g / m L ) was inc luded i n the m e d i u m . 

D N A Extraction. F r o z e n tissues were thawed i n approximately 5 
m L of lysis buffer ( 10 -mM t r i s - H C l p H 8.0, 150 m M N a C l , 2 0 - m M e t h y l -
enediaminetetraacetic acid p H 8.0) and carefully homogenized us ing a h a n d 
h e l d D o u n c e homogenizer. D N A was extracted from tissues by us ing stan
dard techniques (24). T h e concentration of D N A was de termined by U V 
absorption. 
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Packaging of X-Phage D N A from the Mouse Genome and Phage 
Titering. T h e X-phage genome was "packaged" from the mouse genome 
by using Giga-Pack G o l d packaging extract (Stratagene, L a Jol la , C A ) . A p 
proximately 7.5 jjig of mouse genomic D N A (1.5 m g / m L ) was used i n each 
packaging reaction. Packaging reactions were ini t iated according to the m a n 
ufacturer's directions, using a 3-h incubation at 37 °C. T h e reaction was ter 
minated by d i lu t i on w i t h 1.0 m L of S M buffer ( 5 0 - m M T r i s - H C l , p H 7.5, 
1 0 - m M M g S Q 4 , 1 0 0 - m M N a C l , 0 .01% gelatin). 

T h e packaging reaction (2.5 u,L) was adsorbed onto a log growth culture 
of E. coli C/lacZ~ by gently mix ing and incubat ing at room temperature for 
20 m i n . The mixture was added to L B m e d i u m w i t h agarose (plus X-gal) and 
poured onto a 150-mm plate. T h e plates were incubated at 37 °C overnight , 
and the n u m b e r of plaques per plate were counted. T h e amount of packaged 
D N A requ i red to produce approximately 1500 plaques was calculated, as 
was the n u m b e r of p laque- forming units (pfu) per microgram of D N A used 
i n the packaging reaction. A l l packaging reactions y i e lded more than 10,000 
pfu/jxg D N A . 

Determination of lacZ" Mutant Frequency. To determine the 
lacZ~ mutant frequency i n bone marrow, l u n g , and l iver tissue samples, 
D N A was independent ly extracted from each tissue for each animal . T h e 
D N A samples for each animal i n the same exposure group (five per each 
exposure group) were packaged independent ly into X-phage. After the de 
terminat ion of the pfu for each ind iv idua l D N A sample, an equal n u m b e r of 
pfu from each ind iv idua l animal w i t h i n an exposure group were combined 
to determine the lacZ~ mutant frequency. Therefore, a single lacZ~ mutant 
frequency was determined for each tissue for each exposure group. A total 
of 1 X 10 5 X-phage plaques were examined from the bone marrow samples, 
and i n l u n g and l iver samples, approximately 5 X 10 5 X-phage plaques were 
examined. 

A log growth culture of E. coli CllacZ' (5 m L ) at 2.5 X 10 8 bac ter ia /mL 
and a t i tered vo lume of packaging reaction ( D N A from five animals) that 
w o u l d produce 4500 plaques were combined i n a 5 0 - m L culture tube and 
incubated at room temperature for 20 m i n . L B m e d i u m w i t h agarose (plus 
X-gal) was added to each tube, w h i c h was then p ipetted onto three 150-mm 
plates. T h e plates were incubated at 37 °C overnight. 

T h e total n u m b e r of b lue plaques (lacZ+) was estimated by count ing a 
def ined, one-tenth area of three plates and extrapolating the mean to the 
fu l l plate and the n u m b e r of plates for the entire plat ing. T h e n u m b e r of 
lacZ~ mutant clear or l ight b lue plaques were counted and " p i c k e d " for 
confirmation by replat ing on L B m e d i u m w i t h agarose plus X -ga l . T h e lacZ~ 
mutant frequency was calculated by d i v i d i n g the total n u m b e r of conf irmed 
mutant plaques by the total phage populat ion analyzed and was expressed 
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as lacZ~ mutants/10 5 plaques. T h e n u m b e r of observed mutant plaques 
w i t h i n each tissue group was used to determine statistical significance re la 
tive to the tissues from the air contro l group, assuming a Poisson d i s t r ibu 
t ion. 

Results 
Mutant Frequency in Different Tissues of Mice following E x 

posure to B D . The lacZ" mutant frequency i n three tissues of mice ex
posed to 619 ± 3.2 p p m B D (mean ± standard deviation [SD]) and E N U 
was determined 14 days fo l lowing the last exposure. T h e n u m b e r of lacZ~ 
mutant plaques observed, and the lacZ~ mutant frequency for each tissue 
is shown i n Table I. T h e background lacZ~ mutant frequency i n the tissues 
examined from control mice ranged from 2 to 4 mutants /10 5 plaques. T h e 
positive control , E N U , was mutagenic i n a l l tissues examined. T h e lacZ~ 
mutant frequency i n the B D - e x p o s e d mice d i d not show a significant i n 
crease i n the bone marrow or l iver. However , there was a significant increase 
i n mutant frequency i n the lungs of exposed mice (p < .001). 

Microsomal Metabolism of B D . T h e in i t ia l rate of B D oxidation i n 
l iver microsomes was l inear w i t h prote in content over the range of 1.0-9.0 

Table I. lacZ~ Mutant Frequency in Bone Marrow, Lung , and Liver Samples 
from B D Exposed Animals and Controls 0 

No. of Mutant Frequency 
Tissue Mutants (xl0~5) 

Bone marrow 
Air control 3 3.0 
B D 2 1.8 
N-Ethyl-iV-nitrosourea (ENU)- 71 73.lh 

exposed 
Lung 

Air control 29 4.4 
B D 59 9.lb 

ENU-exposed 88 W.2h 

Liver 
Air control 12 2.4 
B D 18 3.1 
ENU-exposed 71 13.0b 

aBD-exposed mice were exposed to 625 ppm BD (6 h/day for 5 consecutive days). Controls 
were exposed to air only for the same duration as the BD-exposed mice. Mice dosed with 
E N U received a single intraperitoneal injection of 250 mg ENU/kg. All mice were killed 14 
days after the last inhalation exposure or injection for mutant frequency analysis. 
''Significantly greater (p < .001) than air control for each tissue by Poisson analysis of the 
number of mutant plaques relative to air controls. 
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m g p r o t e i n / m L and w i t h t ime for up to 30 m i n (data not shown). F o r the 
enzyme-mediated reactions us ing l iver microsomes, both the disappearance 
of B D from the gas phase and the appearance of B M O i n the gas phase were 
measured. T h e previously de termined parameters of B M O metabol ism (see 
further on) were incorporated into equations (19) used to describe the i n 
vitro system. T h e equations were then used to estimate the M i c h a e l i s - M e n -
ten constants for B D oxidation as descr ibed by Csanady et a l . (19). T h e 
mode l was found to adequately describe both B D disappearance from the 
headspace and B M O appearance i n the headspace of reaction vials contain
i n g l iver microsomes from al l species. T h e M i c h a e l i s - M e n t e n parameters 
are l isted i n Table II . 

The m a x i m u m velocity (V m a x ) for B D oxidation to B M O for h u m a n l iver 
microsomes was about one-half that observed w i t h B 6 C 3 F 1 mouse l iver m i 
crosomes and twofold higher than i n rat l iver microsomes (Table II). T h e 
V m a x for the reaction was about 1.5-fold h igher i n B 6 C 3 F 1 mouse l i ver m i 
crosomes, compared w i t h M M l iver microsomes. T h e apparent Michae l i s 
constants (K m s ) for B D oxidation i n l i ver microsomes from humans, 
S p r a g u e - D a w l e y rats, B 6 C 3 F 1 mice , and M M were s imilar and ranged from 
2 to 5 u , M . There were some str iking differences i n the calculated V m a x / K m 

(25). T h e calculated V m a x / K m for B D oxidation i n B 6 C 3 F 1 mouse l iver micro 
somes was sixfold greater than for rat and h u m a n l iver microsomes, and 
about 5 0 % higher than M M l iver microsomes. 

Microsomal Metabolism of B M O . In i t ia l rates of enzymic hydro 
lysis of B M O i n l iver microsomes were l inear w i t h prote in content over the 
range of 0 .2-10 m g / m L and w i t h t ime for up to 30 m i n (data not shown). 
E n z y m e - m e d i a t e d hydrolysis of B M O was not detected i n cytosolic fractions 
of l iver from any of the species. A l l 12 of the h u m a n l iver samples were 
assessed for their abi l i ty to metabolize B M O using one in i t ia l B M O concen
tration (100 ppm). T h e normal ized f irst-order rate constants for the 12 l i ver 
samples, w h i c h var ied between 0.020 and 0.068 m i n - 1 m g p r o t e i n - 1 , were 
then rank-ordered, and three samples (high, median , and l ow activity) were 
selected for detai led studies of B M O kinetics (see further on). I n a l l cases, 

Table II. Kinetic Constants for the Oxidation of BD to Butadiene Monoepoxide" 

Liver Microsomes (nmol/mg protein/min) 
max 

Humans 
B 6 C 3 F 1 mice 
Sprague-Dawley rats 
MutaMouse 

1.2 ± 0 .6 
2 .6 ± 0 . 0 6 
0 . 6 ± 0 . 1 
1.7 ± 0 . 1 

0 . 0 0 5 ± 0 . 0 0 3 
0 . 0 0 2 ± 0 . 0 0 0 2 
0 . 0 0 4 ± 0 . 0 0 0 2 
0 . 0 0 2 ± 0 . 0 0 0 2 

2 3 0 
1 2 9 5 

1 5 7 
8 5 0 

"Values are mean ± standard deviation derived from model simulations (19). 
^Values are in units of L*nmol*(min*mg protein* mmol) - 1 . 
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results of mode l simulations (19) adequately descr ibed the dec l ine i n B M O 
concentration i n the headspace due to enzymic hydrolysis (data not shown). 

Table III shows the M i c h a e l i s - M e n t e n constants ( K M , V m a x ) for B M O 
hydrolysis b y h u m a n , rat, and mouse ( B 6 C 3 F 1 and M M ) l i ver microsomes. 
I n the three h u m a n l iver samples used for the detai led k inet i c experiments , 
V m a x ranged from 9 to 60 n m o l / m g pro te in /min , and apparent K M s ranged 
from 0.2 to 1.6 m M , I n contrast, V m a x de termined from reactions w i t h rodent 
l iver microsomes was one-half or less of that measured i n h u m a n l iver sam
ples. Interestingly, the V m a x i n B 6 C 3 F 1 mice l iver microsomes for B M O h y 
drolysis was about fivefold h igher than i n M M l iver microsomes. Apparent 
K M s for B 6 C 3 F 1 mice were approximately seven- to eightfold higher than 
the K M s observed i n rats and five times h igher than M M . A comparison of 
the calculated V m a x / K M reveals some str ik ing differences across species (Table 
III) . F o r example, for the three h u m a n l iver samples, calculated V m a x / K M s 
ranged from 32 to 38, whereas i n rodents, calculated V m a x / K M s ranged from 
4 to 10. 

Conjugation of BMO with G S H , E n z y m e - m e d i a t e d conjugation of 
G S H w i t h B M O i n h u m a n and rodent l iver cytosol cou ld best be descr ibed 
by M i c h a e l i s - M e n t e n kinetics (Table IV) . T h e V m a x i n B 6 C 3 F 1 mouse l i ver 
cytosolic fractions was about twofold higher than i n rat l i ve r cytosol (Table 
IV) . Conjugat ion of B M O w i t h G S H i n M M l iver cytosol was not measured 
i n these experiments. O n l y one of the two h u m a n l iver samples analyzed 
displayed M i c h a e l i s - M e n t e n kinetics and had a V m a x of one-fifth to one-tenth 
of that observed i n rodents. M o u s e l i ver cytosolic apparent K M s were about 
threefold higher than that of rats and humans. T h e calculated V m a x / K M i n 
rodent l i ver cytosol was about fourfold h igher than the calculated V m a x / K M 

for the one human sample. 

Discussion. A n understanding of the mechanisms by w h i c h B D i n 
duces tumors i n rats and mice is essential for extrapolating to humans, a 

Table III. Kinetic Constants for the Hydrolysis of Butadiene Monoepoxidea 

V 
T max 

KM 

Liver Microsomes (nmol/mg protein/min) (mM) V m a 3 / ^ M C 

Humans 6 (high) 58.1 ± 4.0 1.65 ± 0.12 35 
(median) 18.5 ± 4.1 0.58 ± 0.15 32 
(low) 9.2 ± 2.2 0.24 ± 0.10 38 

B6C3F1 mice 5.8 ± 0.3 1.59 ± 0.03 3.6 
Sprague-Dawley rats 2.5 ± 0.05 0.26 ± 0.01 9.5 
MutaMouse 1.1 ± 0.3 0.29 ± 0.10 3.8 

"Values are mean ± standard deviation derived from model simulations (19). 
^Three of the 12 human liver samples were used for the kinetic analyses. Selection of the 
samples were as described in the materials and methods section. 
cValues are in units of nmol-L-(min-mg protein-mmol)"1. 
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Table IV. Kinetic Constants for Conjugation of Butadiene Monoepoxide 
with Glutathione" 

V 
max 

KM 
Liver Cytosol (nmol/mg protein/min) (mM) ^mJKU

C 

Humans'' 4 5 . 1 ± 5 .8 10 .4 ± 1 .04 4 . 3 
B 6 C 3 F 1 mice 5 0 0 ± 6 4 3 5 . 3 ± 6 .2 14 
Sprague-Dawley rats 2 4 1 ± 3 1 3 . 8 ± 0 . 3 1 7 
MutaMouse d d d 

"Values are mean ± standard deviation (SD) derived from model simulations. 
'Two of the 12 human liver samples were used for kinetic analyses. Selection of the samples 
was as described in the materials and methods section. One of the samples displayed 
Michaelis-Menten kinetics and in the other sample, the reaction was best described by a 
rate constant of (2.56 ± 0.22) X 10~4 L/mmol/min/mg protein (mean ± SD). 
'Values are in units of L-nmol-(min-mg protein-mmol) - 1. 
rfNot measured. 

species for w h i c h B D carcinogenic potency is at present unknown. It is l ike ly 
that one of the cr it ical b iochemical determinants of B D - i n d u c e d carcinoge
nic i ty is the extent to w h i c h B D is activated to epoxide metabolites that can 
react w i t h D N A to ult imately induce mutations. The induct ion of mutations 
in tissues of a transgenic mouse is a nove l approach to determine i n vivo 
mutation induct ion fol lowing exposure to carcinogens. The induct ion of m u 
tations can be studied w i t h i n the context of the endogenous pharmacokinetic 
and biotransformation processes that determine the tissue levels of reactive 
metabolites that can interact w i t h and alter the cel lular D N A i n various t is
sues. 

B D is a mutagenic carcinogen that exhibits species differences i n sus
cept ibi l i ty ; mice are more susceptible to the genotoxic and carcinogenic ef
fects of B D than are rats. Studies on the i n v i tro and in v ivo metabol ism of 
B D indicate that mice produce more B M O and B D E than do rats (19, 26-
28). These data indicate that the biotransformation of B D to two reactive 
metabolites, B M O and B D E , exhibits species differences and is l ike ly a cr i t 
ical determinant of the genotoxicity and carcinogenicity of B D . The relative 
balance between the i n vivo bioactivation and detoxification pathways of B D 
determines tissue concentrations of the ult imate mutagenic species, the 
quantities that interact w i t h D N A , and ult imately the type and amount of 
promutagenic lesions in the D N A of exposed animals. Because i n vitro sys
tems cannot m i m i c certain of these in v ivo processes, it is essential that 
methods for the i n vivo evaluation of mutagenicity be considered. 

Exposure of the M M strain of transgenic mouse to 625 p p m of B D for 5 
consecutive days (6 h/day) fol lowed by a 14-day expression per iod d i d not 
result in significant mutagenicity in l iver and bone marrow. However , sig
nificant mutagenicity was observed i n the lung , a target organ for the car
cinogenic effect of B D i n B 6 C 3 F 1 mice at 6.25 p p m . Specific mutat ion of 
the K-ras oncogene has also been detected i n l u n g adenocarcinomas i n B D -
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exposed mice (II) . Because no carcinogenicity data i n the M M strain of 
mouse exist as they do for the B 6 C 3 F 1 mouse, it is difficult, at present, to 
relate the relatively small increases i n mutagenicity observed i n the present 
studies to another biological end point (e.g., tumor formation). Studies are 
in progress to evaluate the mutagenicity of B D using a B 6 C 3 F 1 mouse m u 
tation system (29). Exposure of B 6 C 3 F 1 mice to B D resulted i n significant 
genotoxicity as determined by micronucleus ( M N ) , sister chromatid ex
changes ( S C E ) , and chromosomal aberration (CA) analysis (15,16). S igni f i 
cant levels of M N (sixfold above control levels), and S C E were observed i n 
B 6 C 3 F 1 mice fo l lowing 2-day exposures (6 h/day; nose only) at levels of 100 
p p m B D and higher (16). In the same study, exposure of rats to 100-10,000 
p p m (6 h/day for 2 days) d i d not result i n significant increases in S C E or 
M N . Exposure of B 6 C 3 F 1 mice to 6.25, 62.5, and 625 p p m B D 6 h/day for 
10 days resulted i n a significant dose-dependent increase i n S C E (at 6.25 
ppm), M N (at 62.5 ppm), and C A (at 625 ppm) (15). These data on the cy
togenetic effects of B D i n rats versus mice are consistent w i t h studies of the 
biotransformation of B D . Therefore, knowing how mouse strain differences 
i n B D biotransformation w i l l affect the potential genotoxicity of B D must 
await paral le l mutation studies w i t h B 6 C 3 F 1 transgenic mice (29) and cyto
genetic studies i n M M . 

The data presented i n this chapter reveal that significant species differ
ences i n the V m a x is observed for B D oxidation to B M O (see Table II). F o r 
example, B 6 C 3 F 1 mouse l iver microsomes displayed a capacity for B D ox i 
dation exceeding that seen i n either human or rat l iver. This capacity was 
evidenced by a comparison of both the m a x i m u m velocity for the reaction, 
V m a x , and V m a x / K M . Two putative detoxification enzymic reactions can occur 
w i t h B M O , hydrolysis by epoxide hydrolase and conjugation w i t h G S H by 
glutathione transferase. The results from our studies reveal that l iver tissues 
from al l species can detoxify B M O by both pathways (Tables III and IV). In 
general, human l iver microsomes hydro lyzed B M O at greater rates than 
those of e ither rats or mice , as evidenced by the higher V m a x and V m a x / K M . 
A l though there was a considerable range of epoxide hydrolase activities i n 
l iver microsomes of the three h u m a n samples investigated ( V m a x = 9-58 
nmol /mg protein/min) , values for the human samples were at least twofold 
greater than the V m a x for rats and mice . The value reported by K r e u z e r et 
al. (30) for epoxide hydrolase-catalyzed hydrolysis of B M O by microsomes 
from a single human l iver sample ( V m a x = 14 nmo l /mg protein/min) falls 
w i t h i n the range of values for V m a x i n human l iver microsomes reported i n 
this chapter. Values for V m a x / K M reported by K r e u z e r et al . (30) for rodents 
and the one h u m a n l iver sample were s imilar to the values reported i n this 
chapter. F o r al l species, apparent K M s for hydrolysis and G S H conjugation 
(not assessed in M M ) were significantly greater than for B D oxidation and, 
i n the case of mice , B M O oxidation. 

Studies on the biotransformation of B D by M M l iver microsomes i n d i 
cate that M M enzymes catalyze the conversion of B D to B M O and hydro -
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lysis of B M O . A comparison of the in i t ia l rates ( V m a x / K M ) of B D metabol ism 
to B M O and B M O hydrolysis between M M and B 6 C 3 F 1 mouse l iver m i 
crosomes indicates that there are also mouse strain differences i n B D me
tabolism. The ratio of V m a x / K M for B D to B M O and B M O hydrolysis i n M M 
l iver microsomes was 225:1, whereas the same ratio i n B 6 C 3 F 1 mouse l iver 
microsomes is 360:1. The lack of mutagenicity of B D i n the l iver of the M M 
may be due to an ineffective concentration of B M O i n the liver. De ta i l ed 
paral le l studies on the biotransformation of B D , i n vitro and i n vivo , i n 
B 6 C 3 F 1 and M M are required to establish the role of B D bioactivation and 
detoxification i n mediat ing the genotoxic effects of B D . 

The interaction of chemicals or their metabolites w i t h D N A is a major 
factor i n chemical carcinogenesis. O n e potential strategy for more accurately 
estimating human health risks from exposure to D N A - r e a c t i v e chemicals is 
to develop research that w i l l provide and improve understanding of the 
mechanisms of action of chemicals w i t h i n an exposure —> tissue dose —» can
cer response paradigm. The development of quantitative linkages between 
exposure and response, w h i c h are based on biologically plausible mecha
nisms of action at exposure levels that are l ike ly to be encountered by peo
ple , w i l l significantly improve the risk assessments for human exposures to 
D N A - r e a c t i v e chemicals. This study was init iated to begin to establish i n 
vivo linkages between exposure to B D , internal dose, and a biological re 
sponse (mutation). The induct ion of mutations is a determinant of B D -
induced carcinogenicity. A l though these studies d i d not investigate the 
carcinogenicity of B D i n M M , the induct ion of mutations i n a transgene 
integrated into the genome of the M M represents an in i t ia l step toward 
establishing dose-response relationships for molecular events (mutation) 
that are part of the carcinogenic process. These relationships need to be 
established w i t h endogenous genes that are k n o w n to be invo lved i n the 
carcinogenic process (e.g., oncogenes and tumor suppressor genes). T h e i n 
vitro metabolic constants from these studies can be incorporated into phys
iological models that can simulate i n vivo behavior, and the models can be 
used to predict b lood and tissue concentrations of B D and B M O . E x p e r i 
ments using whole animals can then be used to verify mode l predict ions 
based on i n v i tro -der ived rates. Ult imate ly , in v i t ro -der ived rates for h u m a n 
tissue can then be used to predict B D and B M O concentrations i n human 
tissues as a first step in estimating risk due to B D exposure. 
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Molecular Epidemiology of Acrylonitrile 
Indicators of Health Risk by Worker Surveillance and 
Regiospecific Modification o f Ha-ras Oncogene 
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 Prospective medical surveillance of chronically exposed chemical 
workers have shown no correlations between the rank-ordered esti
mates of acrylonitrile (AN) exposure and abnormal liver function, 
hepatotoxicity tests, or cancer development. Thus far, no dose-re-  
sponse effect of AN has been detected by medical screening of the 
workers in the surveillance program. We have used a molecular 
model of Ha-ras oncogene activation to evaluate the carcinogenic po
tential of acrylonitrile epoxide (ANO). The exogenous Ha-ras gene, 
in a superhelical plasmid or chromatin (active or quiescent), after 
treatment with a synthetic epoxide metabolite, has been found to be 
a useful indicator of carcinogenicity. At the cellular level, the epox-
ide-modified ras DNA is expressed in NIH3T3 cells to detect trans
forming activity. At the molecular level, the promutagenic lesions in 
plasmid and chromatin Ha-ras DNA are mapped by endonuclease S1. 
In both comparisons, ANO and anti-benzo[a]pyrene-7,8-diol 9,10-
epoxide (anti-BPDE) appear to be diametrically opposite. The con
vergence of human epidemiological and molecular data purport to 
indicate the relatively low health risk of AN as a carcinogen. 

/ T L C R Y L O N I T R I L E (AN), CH2==CH—CN, is an industrial vinyl monomer 
used in the manufacture of acrylic fibers, nitrile elastomers, and resins. AN 
is produced at a rate of ~ 1 billion kg/year in the United States and —125,000 
persons were estimated to be exposed in workplaces, according to the Na
tional Institute for Occupational Safety and Health (NIOSH) (I). AN is a 
volatile liquid, and it enters the body by inhalation or by skin absorption. 

0065-2393/94/0241-0153$08.18/0 
© 1994 American Chemical Society 
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Its acute toxicity and h ighly irr itant effect on the respiratory tract, eyes, and 
skin are wel l -recognized; nausea, vomit ing , vertigo, tremors, and uncon
sciousness can accompany excessive exposure (2). W i t h long- term, chronic 
exposure, symptoms appear related predominantly to the autonomic nervous 
system, but its h u m a n carcinogenic potential is less certain (2). E p i d e m i o 
logical studies of exposure populations have y i e lded mixed evidence of i n 
creased cancer mortality. A n earl ier report (3) on several epidemiological 
studies of the rubber industry, w h i c h uses A N as w e l l as many chemicals , 
identi f ied excess mortalities from certain specific cancers (stomach, colon, 
and prostate i n addit ion to neoplasms of the lymphat ic and hematopoietic 
systems). Proport ional mortal i ty analysis at other smal l plants using A N re 
vealed similar excesses for these cancers and some excess for lung (4), b l a d 
der, and central nervous system cancers (5). However , the most recent 
study (6) showed that A N is not associated w i t h an increase i n lung cancer or 
cancer of any type. O v e r a l l , the v i n y l monomer A N exposure does not 
show the clear-cut evidence for carcinogenesis, as does v i n y l chlor ide (VC) , 
C H 2 = C H — C I , w h i c h is a we l l -documented h u m a n carcinogen (7). 

W e have been investigating occupational cancers, part icularly those re 
lated to the v i n y l monomers, since 1974 (7, 8). W e have been work ing w i t h 
local po lymerizat ion chemical plants i n w h i c h synthetic rubber and plastics 
are produced, starting w i t h A N and V C as the respective base chemicals. 
A rank-ordered index (ROI) system for est imating chemical exposure was 
init iated i n response to the discovery of V C - i n d u c e d hepatic angiosarcoma 
and l iver i n j u r y This approach was necessitated by the long latency per i od 
of cancer, the lack of pr ior environmental exposure measurement, the ex
posure to mul t ip le chemicals i n the work environment , and the need for a 
retrospective-prospective system for accurately est imating exposure to each 
chemical . O u r occupational surveil lance system includes two basic compo
nents; a complete work history w i t h exposure rank orders for each major 
chemical i n use and coded diagnoses cover ing medical tests and diseases. 
T h e R O I system's a im is to provide , for each employee, "exposure profiles 
or indices" for the estimation of health risk to each chemical w i t h i n the sur
vei l lance program. T h e rank-ordered estimates of A N exposure have been 
correlated w i t h the b iochemical l iver tests of the exposed workers. Studies 
to date (7) have found no dose-response relationship w i t h A N and no i n d i 
cation that A N is l ike V C ; impairment of l iver functions and cancer deve l 
opment have fol lowed increasing exposures to V C . 

Nevertheless , i n carcinogenesis bioassays, A N has been shown (2) to be 
a carcinogen i n the rat, although this is not conf irmed i n any other species. 
The putative metabolite, acrylonitr i le epoxide ( A N O ) , was found (9) to be 
mutagenic i n the A m e s test and i n human lymphoblast , i n w h i c h A N itself 
is weakly genotoxic and requires metabolic activation (10). However , the 
A N O - D N A adducts remain elusive. W h e n A N O was administered to rats, 
covalent b i n d i n g to proteins occurred, but nucle ic acid adducts cou ld not be 
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detected at the level of 0.3 alkylation per 1 X 10 6 bases (11). Therefore, a 
practical question i n A N carcinogenesis is whether A N poses a significant 
health risk to workers in the normal work environment . Because extrapola
t ion of animal tumor data to humans is debatable owing to dose and species 
differences, we have proposed a molecular mode l of oncogene activation to 
provide a contrast between established carcinogens and A N . Thus , we ques
tion whether A N O w i l l modify a protooncogene to y i e l d a transforming D N A 
for the induct ion of tumors. A causal relationship may exist between activa
t ion of the ras family of oncogenes and the development of h u m a n and an i 
mal tumors (12). In the case of hepatic angiosarcomas associated w i t h occu
pational exposure to V C , D N A prepared from either frozen or paraffin-
embedded tissue was examined for point mutations of c-ras genes (13). A 
mutation at codon 13 of the c - K i - r a s gene was detected i n five of six tumors. 
It is therefore relevant to make use of H a - r a s - 1 D N A i n the ch imer ic p lasmid 
pSV2neo -Ha- ras to study the genoactivity, mutational or transcriptional , of 
A N O and related carcinogens. In a nonfocus N I H 3 T 3 transfection-transfor-
mation assay i n w h i c h the epoxide-modif ied H a - r a s D N A is introduced into 
the ce l l chromosomes, we found that A N O showed negl igible transforming 
potential , compared w i t h the classical carcinogenic epoxide, anti-BFDE. It 
wou ld seem that the v i n y l chlor ide epoxide ( V C O ) w o u l d have made for a 
better comparison w i t h A N O , except that V C O is k n o w n to rearrange rap
id ly to chloroacetaldehyde ( C A A ) . B o t h V C O and C A A are reactive electro-
phi l i c species and can react w i t h nucleic acid bases. The question of w h i c h 
is most important has been examined, for example, recently by G u e n g e r i c h 
(14), but it is st i l l unclear whether the c - K i - r a s mutat ion observed i n the 
V C - i n d u c e d tumors is a consequence of D N A adduct formed from V C O or 
C A A . Thus , we have chosen the classic and wel l -establ ished epoxide carc in
ogen, anti-BFDE, to be the carcinogenic reference for A N O . This leads us 
to examine whether A N O is reactive toward H a - r a s D N A and whether dif
ferent regiospecificities or extents of chemical promutagenic lesions may 
have been induced i n H a - r a s D N A by the two epoxides. To this end , we 
have undertaken various modifications of H a - r a s D N A by A N O or anti-
B P D E . F i r s t , the superhel ical p lasmid pSV2neo -Ha-ras was treated i n vitro 
w i t h the epoxides. Also , N I H 3 T 3 cells transfected w i t h the normal ras plas
m i d were brief ly exposed to the epoxides. T h e i n vivo experiment was de
signed to locate the major sites i n chromosome-integrated H a - r a s D N A in 
transcriptionally active or inactive chromatin , where a D N A sequence, be
cause of its conformational stress, may offer particular base positions as ready 
targets to the epoxide. E v i d e n c e for such posit ion bias has come from many 
c a r c i n o g e n - D N A studies (15). T h e alkylated bases w i t h an altered hydrogen-
bonding scheme may undergo unpair ing of the duplex D N A and hence can 
be mapped by endonuclease S x according to the procedure descr ibed by 
Kohwi -Shigematsu and Ne lson (16). This technique of mapping the major 
modif ication sites i n H a - r a s D N A by the two epoxides A N O and anti-BFDE 
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has shown regiospecifie patterns w i t h H a - r a s D N A of specific conformations, 
w h i c h appear to dist inguish between their opposite transforming activity. 
Thus , a hypothesis of an association between ras gene activation by an epox
ide and its human carcinogenicity can be tested i n our present protocols of 
h u m a n surveil lance and the molecular mode l of Ha-ras activation. T h e con
vergence of h u m a n and molecular studies may separate the agents at h igh 
risk of induc ing human cancers from those at lower risk. Such classification 
or "proof of the negative" w o u l d have considerable practical interest. O u r 
pre l iminary observation from both worker surveil lance and the molecular 
mode l of Ha-ras activation purport to indicate the relatively l ow health risk 
of A N . 

Experimental Methods 
Rank-Order Estimates of Environmental Exposure to A N and 

Medical Screening. A cumulative-exposure rank system similar to that 
described by S m i t h et a l . (17) was inst i tuted and val idated. T h e retrospec
tive exposure indices were de termined for each year and for each job cate
gory on the basis of payro l l charge cards, starting w i t h the p lants opening 
i n 1940 and cont inuing unt i l 1974. The prospective-exposure indices were 
begun i n 1974 and updated annually. Exposure indices for each of the 22 
chemicals [chemical code 01, acryl ic acid; 02, acrylamides; 03, acrylonitr i le ; 
04, acetylene; 05, acrylates; 06, b isphenol A ; 07, butadiene; 08, capry ly l 
chlor ide ; 09, chlorinated solvents; 10, chloroethyl v i n y l ether; 11, d i e thy l 
maleate; 12, mercur ic chlor ide ; 13, methanol ; 14, pheno l ; 15, toluene; 16, 
v i n y l chlor ide ; 17, v iny l idene chlor ide ; 18, v i n y l acetate; 19, p o l y v i n y l chlo 
ride) (PVC) dust; 20, catalysts; 21 , styrene; and 22, hexane] were created for 
each employee on the basis of the employees yearly work history and rank-
ordered job-exposure categories. C h e m i c a l exposure was rated by a seven-
category ordered ranking , by w h i c h levels of exposure were rated from 0 
through 6. Ratings were assigned by consensus of a panel of three to five 
chemical-exposure judges, who were mostly product ion foremen, chemical 
engineers w i t h experience i n the given work area, or indiv iduals who had 
worked d u r i n g the year be ing evaluated. A n example of a chemical exposure 
record for an authentic ind iv idua l worker is part ial ly shown i n Table I. 

Analyt i ca l moni tor ing of A N was subsequently carr ied out. T h e m o n i 
tor ing was done by using an activated charcoal sampl ing tube fastened to 
the w o r k e r s shoulder and a Bend ix p u m p fastened to the belt was w o r n 
d u r i n g the entire work shift. T h e air f low rate was 200 m L / m i n , and the 
adsorbed A N was later desorbed by carbon disulf ide. This method is s imilar 
to the N I O S H method S156 (18), and has been validated over a concentra
t ion range of 7.5-70.0 m g / M 3 (3.6-33.3 ppm) , coefficient of variation 0.073. 
T h e s imple modification of method S156 by us ing a desorbing solvent of 2 % 
V / V acetone in carbon disulfide (19) allows achieving sensitivities of 1.1 mg / 
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Table I. Detailed Work and Exposure History 

Work History 
Exposure Rank 

Year Building Job No. Months of Chemical 

1944 000 576 6 1 
1945 000 576 5 1 
1945 111 194 7 1 
1946 111 194 12 1 
1947 111 194 12 3 
1948 111 194 8 3 
1948 121 192 4 1 
1974 Terminated 

"Acrylonitrile was the chemical. 

M 3 or 0.5 p p m based on air sample vo lume of 15 L . Analysis was per formed 
on a gas chromatograph on 10-ft X 1/8-in. S P 1000 operated isothermally at 
100 °C, calibrated over the range of 20 to 100 (xg/tube. 

In this worker cohort, medical data regarding hepatotoxicity were an
nual ly obtained to identify injuries that may result from chemical exposure. 
O v e r 8 0 % of the work force had been screened for hepatotoxicity by the 
serum tests alanine aminotranferase (ALT) , aspartate animotransferase 
(AST), and alkaline phosphatase (AP) as w e l l as l iver functional studies by 
serum a lbumin , pro thrombin , bi le acids, and indocyanine green ( ICG) clear
ance (20). The l iver test results were evaluated for the frequency of abnor
malities seen among the chemical workers w i t h various exposure rankings 
to the suspect chemical A N . 

E p o x i d e M o d i f i c a t i o n o f H a - r a s P l a s m i d D N A . The molecular 
c loning of pSV2neo -Ha- ras was done by l igating a B a m H I fragment of h u 
man Ha-ras -1 [from A m e r i c a n Type C u l t u r e Co l l ec t i on ( A T C C ) 41,001] to 
the pSV2neo vector ( A T C C 37,149); a clone of H B 101 transformant w i t h 
the correct order of l igation, as shown by gel electrophoresis, was selected. 
Chemicals were purchased from A l d r i c h , unless otherwise noted. T h e prep 
aration of A N O was done by fractional dist i l lat ion of a hypochlorite oxidation 
mixture of A N (21) and its pur i ty veri f ied by lH and 1 3 C N M R . To 65 JJLL of 
m e d i u m made up of 1:1 tetrahydrofuran and 20 m M ethylenediaminetetraa-
cetate ( E D T A ) buffer p H 8.5 (TE) containing 10 |xg of p S V 2 n e o - H a - r a s was 
added 1% A N O i n tetrahydrofuran i n micro l i ter quantities to obtain 40 |xM. 
The reaction of p lasmid D N A , 10 (xg, w i t h anti-BFDE (purchased from M i d 
west Research) i n 0.1 m L of 20 m M T E ( p H 7.6) at 20 |xM was per formed 
as before (21). A l l the reaction mixtures were incubated at 37 °C for 2.5 h , 
cooled, extracted w i t h 3 X 50 u>L of ether, fo l lowed by 0.1 vo lume of 3 M 
N a O A c ( p H 7.2) and 2.5 vo lume of absolute ethanol to precipitate D N A . 
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Epoxide Modification of Chromatin D N A in NIH3T3 Ha-ras 
Transfectants. N I H 3 T 3 cells (1 x 10 6 cells enough for 10 subsequent 
experiments) were transfected w i t h 20 jxg of p S V 2 n e o - H a - r a s D N A , and 
clones were selected w i t h G418 (400 |xg/mL) (21). H a l f of the transfectants 
were st imulated by exposure to 12-0-tetradecanoylphorbol-13-aeetate (TPA, 
Sigma C h e m i c a l Company) at 50 n g / m L i n the complete m e d i u m . After 12 
h , the culture media were replaced i n both the TPA- t rea ted and untreated 
N I H 3 T 3 transfectants w i t h a buffer containing 0.15 M N a C l , 1 m M E D T A , 
30 m M T r i s - H C l , and 2 m M Z n C l 2 . T h e cultures i n triplicates were treated 
w i t h either the A N O solution (80 fxM total added i n three aliquots) or w i t h 
anti-BFDE (20 |ULM) at 37 °C for 2 h . The remain ing cultures were g iven 
solvents only as negative controls. The genomic D N A was isolated as de
scribed previously (21). 

Mapping of Epoxide Modified Ha-ras Plasmid by Endonuclease 
S x . To a solution of the modif ied Ha-ras p lasmid D N A , 10 |xg i n 5 |xL of 
water was added 2 (ULL of 5 X restrictive enzyme (RE) buffer (Bethesda R e 
search Laboratories [ B R L ] #3), 2 |xL of water, and 1 jxL of E c o R I ( B R L , 5 
units/jjuL), and the mixture was incubated at 37 °C for 4 h . T h e D N A was 
precipitated as already described. A d d i t i o n of 5 |xL of water, 2.5 (xL of 0.2 
m M of deoxythymidine triphosphate, deoxycytidine triphosphate, deoxy-
guanosine triphosphate ( B R L ) , 1.25 |xL of 0.4 m M of deoxyadenosine t r i 
phosphate (dATP)-7-biot in ( B R L ) , and 1.0 jxL o f D N A polymerase I (klenow 
fragment, 5 u n i t s / u X , Promega) fol lowed; the mixture was incubated at 
15 °C for 30 m i n , and b io t in label ing was stopped by adding 1.25 jxL of 0.5 
M E D T A ( p H 7.8). After adding 0.1 vo lume of 3 M N a O A c ( p H 7.2) and 2.5 
vo lume of absolute ethanol , the solution was stored at —20 °C overnight , 
the precipitated D N A spun in a microfuge for 10 m i n , and the dry pel let 
redissolved i n 16 JJLL of water. T h e unwanted 5' e n d label was removed by 
using a solution made of 2 |JLL of 10 X R E buffer ( B R L #5) and 2 jxL of 
X m n I ( B R L , 5 units/|±L), and the mixture was incubated at 37 °C for 4 h . 
T h e D N A was precipitated i n absolute ethanol and the pel let redissolved i n 
4 [JLL of water. To the solution were added 5 |xL of 2 X S x nuclease buffer 
(30 m M N a O A c at p H 4.6, 50 m M N a C l , 1 m M Zn(OAc ) 2 , 5% glycerol , and 
500 jxg /mL of salmon sperm D N A ) and 1 u X of endonuclease S x ( B R L , 5 
un i t s /uX) , whereupon it was incubated at 37 °C for 10 m i n and the reaction 
was stopped by adding 16 |JLL of T E at p H 7.6. T h e D N A was analyzed by 
electrophoresis at 45 V i n Tris-acetic a c i d - E D T A buffer on 1% agarose gel 
for 5 h . T h e nick-translated, b i o t in -7 -dATP- labe led lamda D N A H i n d III 
digest (Sigma) was used as the molecular weight markers. T h e D N A was 
transferred to nitrocellulose f i lter paper from the agarose gel by capi l lary 
action i n 20 X sodium ch lo r ide - sod ium citrate (SSC) stock solution over
night and the fi lter baked at 80 °C for 2 h under vacuum; this was fol lowed 
by color imetric detection to visualize the bands. 
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Mapping of Epoxide Modified Ha-ras Chromatin D N A b y E n -
donuclease S x. The pur i f ied cel lular D N A pellet , 10 jxg, was dissolved i n 
10 m M T r i s - H C l ( p H 7.2) and 1 m M E D T A . Digest ion of the genomic D N A 
was carr ied out w i t h B a m H I , fol lowed by S x nuclease ( B R L ) at 0 .5 -1 uni t / 
|xg of cel lular D N A i n the Sj buffer containing 3 m M N a O A c , 100 m M N a C l , 
and 2 m M Z n C l 2 , at p H 4.5 and 37 °C for 10-15 m i n . T h e reaction was 
terminated by adjusting the p H to 7.0 w i t h 2 M T r i s - H C l ( p H 8.0), at w h i c h 
point Sj nuclease became inactive. T h e D N A was prec ipi tated w i t h ethanol , 
dissolved in T E buffer, separated on 1% agarose gel , and transferred to n i 
trocellulose (NC) paper i n 20 X S S C . The fi lter was h y b r i d i z e d w i t h a n i ck -
translated, b iot in- labeled B a m H I - C l a l (870 base pair) probe of H a - r a s D N A 
obtained from p b c - N l ( A T C C 41,001) for Southern blot. 

Results and Discussion 
Retrospective Validation of Rank-Order Estimates of A N Expo

sure. The epidemiological identif ication of occupational carcinogens is 
complicated by several problems, inc lud ing worker mobi l i ty between jobs, 
variations over t ime of chemicals and processes used, and long latency be 
tween exposure and discovery of the disease. I n addressing these problems, 
we have obtained qualitative exposure estimates. Table I il lustrates the for
mat to record the combined work history and exposure rank of an ind iv idua l 
worker for each of the 22 chemicals used i n the plant, inc lud ing A N as 
shown. I n this case, i n part A , the i n d i v i d u a l began w o r k i n g i n 1944 and 
worked for 6 months i n job #000 576 (area and job three-digit code). H e 
worked an addit ional 5 months on this job i n 1945. H e completed the last 7 
months of 1945 i n another job #111 194. Part B of Table I identifies the 
exposure ratings assigned to A N for each job n u m b e r for each year. F o r 
example, i n the first row the exposure rat ing for A N assigned in 1944 to job 
#000 576 is indicated. I n 1945, this remained unchanged. T h e t h i r d row 
records the exposure rating of job #111 194 d u r i n g 1945. T h e other 21 
chemicals were s imilarly rated, although their rankings are not shown here. 
T h e information i n parts A and B may be combined to calculate the c u m u 
lative exposure rank months ( C E R M ) for a certain chemical . I n this example, 
the ind iv idua l i n 1944 w o u l d have had six C E R M s for having w o r k e d 6 
months at an exposure rank of 1 d u r i n g that year. D u r i n g 1945, this i n d i v i d 
ual w o u l d have had a C E R M for A N of (5 X 1) + (7 X 1), or 12. In contrast, 
i n 1948 he worked 8 months at a job w i t h rank 3 and 4 months at a job w i t h 
rank 1, g iv ing h i m a total of 28 C E R M s of A N . T h e in i t ia l assumption was 
made that the C E R M s could be used as a rank-ordered statistic. T h e i r p u r 
pose is to define and identify groups of workers who have a c ommon occu
pational exposure, having per formed the same or s imilar types of jobs. T h e 
predict ive value of C E R M was empir ica l ly val idated for the association be-
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tween V C and hepatic angiosarcoma, as w e l l as V C - i n d u c e d hepatic in jury 
and fibrosis (22). 

In 1978 analytical monitor ing for A N was begun i n response to O S H A 
requirement . T h e rating of exposures obtained from the chemical-exposure 
judges was cont inued but determined independent of the analytical deter
minat ion of A N . Between 1975 and 1979, the synthetic rubber manufactur
ing process remained essentially unchanged. Analyt i ca l moni tor ing for A N 
was begun in late 1977, making 1975 and 1976 the last 2 complete years 
dur ing w h i c h a rank-ordered estimate was obtained without quantitative 
monitor ing data for A N be ing available. The years 1978 and 1979 were the 
first 2 complete years in w h i c h quantitative monitor ing data for each job 
were available for A N . The opportunity, therefore, was present for a c om
parison of the first 2 years' analytically de termined exposure ranking of A N 
w i t h the last 2 years' qualitative estimate. The sample size for each job clas
sification var ied from 5 to 135, the average be ing 10, w i t h 5 0 % of the jobs 
having 14 or more samples. O v e r the 1-year per iod , 8 0 % of the 60 job clas
sifications had 3 or more days of A N monitor ing , 70% having 5 or more days 
of monitor ing. O n l y six jobs (10%) were monitored for a single day. A c om
parison of job-specific A N exposures de termined analytically w i t h job -
exposure ranks i n previous years is shown in F i g u r e 1. T h e mean t ime -
weighted average (TWA) A N levels i n parts per m i l l i o n appear to correlate 
w i t h the exposure rank orders given to the specific jobs (Figure 1A). F o r the 
1978 analysis versus 1975 rank order, jobs rank-ordered at 1 had mean ex
posure levels be low 1 p p m , whereas al l those w i t h rank orders of 4 and 5 
were above 1 p p m . F o r jobs rank-ordered at 2, 8 0 % had mean A N levels of 
1 p p m , whereas i n jobs at ranks of 3, 80% had mean A N levels above 1 p p m . 
F o r the 1979 analysis versus 1976 rank order, a l l jobs rank-ordered at 1 and 
2 had mean A N levels of less than 1 p p m ; at rank order 3, 3 0 % were less 
than 1 p p m and 70% were greater than 1 p p m ; a l l jobs rank-ordered at 4 
and 5 were greater than 1 p p m . Data of both comparison groups show low 
rank-ordered jobs w i t h mean A N exposure at less than 0.6 p p m leve l , 
whereas higher rank-ordered jobs (3, 4, and 5) are at the l eve l of 1-3 p p m . 

Ind iv idual m a x i m u m T W A exposure levels to A N further demonstrate 
the correlation between rank order, given a specific job, and the j obs i n d i 
v idua l analytically determined exposure. F i g u r e I B shows this comparison 
for the same periods. F o r the 1978 analysis versus 1975 rank order, 9 0 % of 
jobs rank-ordered at 1 and 2 were associated w i t h m a x i m u m exposure levels 
be low 3 p p m , averaging approximately 1 p p m , but no job had m a x i m u m 
exposures of more than 10 p p m . A l l jobs rank-ordered at 3, 4, and 5 had 
max imum A N levels above 1 p p m , some jobs having m a x i m u m exposures of 
up to 90 p p m . S imi lar levels were found for exposures de termined i n the 
1979 versus 1976 comparison. In both study periods, 9 0 % of jobs rank-or
dered at 4 and 5 had m a x i m u m A N levels above 13 p p m ; 15% had m a x i m u m 
A N levels above 20 p p m . The rank-order ing relative to exposure measure-
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Figure 1. Comparison of job-specific AN exposure levels (ppm) determined 
by personal monitors with estimates of job rank-orders for each job; • indicates 
analytical AN ppm (1978) versus job rank (1975), and x indicates analytical 
AN ppm (1979) versus job rank (1976). A, mean AN exposure values for com
parison. B, Maximum AN exposure values for comparison. 

merits are consistent. T h e mean levels, i n contrast to m a x i m u m levels , show 
that this proportionate relationship levels off i n the h igher -rank-ordered jobs 
but is maintained w i t h the lower-rank-ordered jobs. This effect is due to 
environmental controls to maintain an A N work leve l of O S H A standard. 
Therefore, h igher-ranked jobs (those w i t h more int imate chemical contact) 
are also those w i t h greatest environmental control . These measures keep 
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the mean A N levels be low 5 p p m (Figure 1A). W h e n excursion occurs and 
leads to max imum levels, one sees that the A N leve l continues a l inear cor
relation for 1978, even w i t h h igher job ranking (Figure I B ) . T h e 1979 anal 
ysis, however, showed lower m a x i m u m levels than 1978, the first year of 
environmental monitor ing. T h e leveling-off i n the 1979 curve reflects more 
conscientious efforts by the industry and its workers to be i n compliance 
w i t h the O S H A guidelines inst i tuted 1 year ago. 

Correlation of Hepatotoxicity Tests with Cumulative A N Expo
sure. T h e O S H A - r e g u l a t e d levels of A N al low 2 p p m (8 h T W A ) , w i t h 1 
p p m as action leve l and 10 p p m ce i l ing for 15 m i n (I). Some jobs i n F igures 
1 and 2 have exceeded these levels. It w i l l be of practical interest to correlate 
the hepatotoxicity test results w i t h the estimated C E R M s for A N for the 
same per iod . T h e screening data were obtained i n 1979. T h e abnormal v a l 
ues, defined as values above the upper l imits of normal range for the contro l 
group, were identi f ied i n this cohort o f workers . I n F igures 2 A , 2 B , and 2 C 
are plotted frequency as percentage of abnormal tests versus A N C E R M , at 
100-unit increments up to 1600. This frequency is shown for three represen
tative screening tests: A L T , A P , and I C G clearance, respectively. T h e first 
two are federally required ; A L T reflects h igh sensitivity and has the highest 
specificity for hepatic injury. T h e I C G clearance, however, provides the best 
combination of positive predict ive value and sum of specificity and sensitiv
ity (20). A L T may be a substitute for the more complicated I C G clearance 
technique, i f adequate medical facilities are not accessible. T h e first two 
plots have only random distr ibut ion and share no relationship between ab
normal A L T or A P w i t h cumulat ive A N exposures. F o r the I C G plot in F i g 
ure 2 C , the percentage of abnormal tests versus V C C E R M is also g iven. 
The fairly l inear dose-response relationship as seen i n the V C plot is not 
shown by the A N plot. T h e A N plot appears to show some increase i n ab
normal A L T or A P w i t h h igh exposures, but the response is greatly d is 
persed. Indeed, a more detai led study of the workers w i t h abnormal screen
ing tests revealed that most of this relationship was due to the concomitant 
exposure to V C . This diagnosis was further supported by examination of the 
specific components of the hepatic tissue damage (22). M e d i c a l data con
tinue to be collected from this cohort. W e have not found any significant 
d i s e a s e - A N cumulat ive chronic-exposure relationship. However , these neg
ative findings often raise questions about the l imitat ion of the C E R M ap
proach and the need for more direct biomarkers of b iochemical events re 
sult ing from exposure to A N . This approach w i l l be necessary for molecular 
epidemiology. Therefore, we have made use of a molecular mode l of H a - r a s 
oncogene D N A activation to compare the direct action of A N O w i t h the 
established carcinogen a n t i - B P D E . This mode l study may form the basis for 
detect ing activated ras oncogene from per iphera l b lood or from other biopsy 
tissues obtained from the A N - e x p o s e d workers . 
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Ha-ras D N A in Transfection-Transformation Assay. Act ivated 
transforming genes (oncogenes) have been found i n a n u m b e r of h u m a n t u 
mors by use of assays i n w h i c h transformed foci result from transfection of 
tumor D N A into N I H 3 T 3 cells. O n e str ik ing fact that has emerged from 
screening transfecting D N A w i t h the N I H 3 T 3 transformation assay is that, 
for both human and rodent tumor D N A , the transforming genes are v ir tual ly 
al l related to the ras oncogene family (12). This h igh frequency of ras m u 
tation observed i n the N I H 3 T 3 assay may s imply reflect the susceptibi l ity 
of this assay to transformation by an altered ras-dependent signal-transduc-
t ion pathway. However , the ras oncogenes are among the best-studied h u 
man oncogenes because of their frequent detection i n p r imary tumors and 
their apparently central role i n h u m a n cancer. A rev iew by Spandidos (23) 
has shown the involvement of the ras gene family i n early, secondary, and 
late stages of carcinogenesis, as shown further on. A mutated H a - r a s , for 
example the EJ-ras gene isolated from a h u m a n bladder carcinoma ce l l l ine , 
does not require a cooperating gene to trigger malignant transformation. 
Thus , Ha-ras may be used as a cr i t ical oncogene mode l for transgenic study 
of A N O carcinogenesis at the molecular leve l . I n comparison, the commonly 
used eukaryotic assays of carcinogens w i t h endogenous genes l ike adenine 
phosphoribosyltransferase (aprt), dihydrofolate reductase (dhfr), and hypo-
xanthine-guanine phosphoribosyltransferase (hprt), provide less direct infor
mation on the carcinogenesis pathway because they are not oncogenes (24). 

In our study of A N O , the transforming potential of ras D N A , chemical ly 
modi f ied by A N O , is tested i n a N I H 3 T 3 transfection-transformation assay. 
T h e transfectants are subjected to tr iple selections: G418 resistance, low 
serum growth, and l imi t di lut ions. The end points are scored by ce l l growth 
kinetics and by monolayer saturation density, w h i c h provide a quantitative 
characterization of the transformants, thereby obviat ing the capricious na
ture of counting foci for transforming potential . T h e advantage of this c h e m 
ical approach is that it removes the uncertainty associated w i t h the action of 
a carcinogen on D N A inside a ce l l . This approach points to the init iat ion of 
tumorigenesis by the modi f ied Ha-ras D N A , because it is the only macrom-
olecule present i n the chemical reaction, w h i c h is fol lowed by transfecting 
the modif ied D N A into N I H 3 T 3 cells. Thus , the epoxide modification of the 
H a - r a s may occur without the complications arising from metabolic activa
t ion and detoxification, cytotoxicity, i m m u n e suppression, and induced m u 
tation of an i n vivo study. W h e n transfected i n N I H 3 T 3 cells, the direct 
involvement of Ha-ras oncogene activation by the epoxide i n the transfor
mation w i l l be obvious. T h e more common practice of testing a chemical in 
vivo and isolating the resultant tumor D N A for the N I H 3 T 3 focus assay pro
vides less direct information on its carcinogenic potential . 

T h e chemical-bioassay approach makes use of a new ch imer i c p lasmid , 
p S V 2 n e o - H a - m s . To il lustrate its transforming potential , we have started 
w i t h l igating the EJ-ras tumor D N A to the vector pSV2neo . Two types of 
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Figure 2. Biochemical liver tests of workers exposed to AN; screening results 
higher than the normal range of controls expressed as % abnormal in a group 
of workers with the same AN-CERM: A , ALT, B, AP. 

H B 1 0 1 transformants were isolated for both directions of l igation. O n e 
showed the 6.6-kb EJ-ras B a m H I fragment inserted i n the opposite d i rec 
t ion (not promoted by SV40 promoter) , as ev idenced by restrictive analysis 
of its D N A w i t h E c o R I / K p n I . I n F i g u r e 3 B lane 2, two bands at 9.4 and 2.8 
kb were found. The other transformant revealed two bands at 6.8 and 5.4 
kb i n the same restrictive analysis (lane 4), and also one and two bands, 
respectively, i n lane 2 (EcoRI digest) and lane 5 ( B a m H I digest), thus v e r i 
fying the proper insert (promoted by SV40). F u r t h e r m o r e , only the latter 
p lasmid construct was able to induce focus formation i n the N I H 3 T 3 trans-
fectant (see F i g u r e 3C) . L i k e w i s e , w h e n the 6.4-kb B a m H I fragment of c-
Ha - ras -1 protooncogene was l igated to the pSV2neo vector, the desirable 
H B 1 0 1 transformant was selected on the basis of the foregoing restrictive 
analysis. F i g u r e 4 lane 5 showed the two bands at 6.8 and 5.2 kb from E c o R I / 
K p n l ; lane 4 showed the E c o R I - l i n e a r i z e d form at 12 k b , and lane 6 the two 
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Figure 2. Part C. ICG clearance at 0.5 mglkg body weight for AN and vinyl 
chloride cream. 

B a m H I fragments at 6.4 and 5.6 kb for the Ha-ras D N A and the vector 
pSV2neo , respectively. T h e correctly l igated p lasmid , p S V 2 n e o - H a - r a s , was 
c loned to obtain enough D N A for epoxide modification and the N I H 3 T 3 
assay. W h e n the normal Ha-nzs was treated w i t h anti-BFDE or N - m e t h y l -
N-nitrosourea, the modif ied D N A was found positive in transforming 
N I H 3 T 3 cells. A l though A N O - m o d i f i e d H a - r a s gave rise to two G 4 1 8 R 

clones, both were unambiguously scored negative because of the ir normal 
growth rate and monolayer density s imilar to the negative controls (21). 

F u r t h e r m o r e , anti-BFDE caused mutat ion at codon 12 of the ras on 
cogene as shown by Southern blot analysis, but A N O d i d not. These differ
ences may exist because of different regiospecific alkylations of the D N A or 
different repairs of the modi f ied D N A . W e have addressed first the question 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
01

2

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



166 E N V I R O N M E N T A L E P I D E M I O L O G Y 

Figure 3. Construct, restrictive analysis, and transforming potential of 
NIH3T3 transfectant of pSV2neo-E]-ras: A, Construct from pSV2neo (5.6 kb) 
+ EJ-ms (6.6 kb), two directions of ligation, the correct one (with SV40 pro
moter) is selectable, B, agarose gel (0.8%) electrophoresis: lane 1 molecular 
weight markers, Hind III digest of X-DNA: 23.1, 9.4, 6.6, 4.4, 2.3, and 2.0 kb; 
lane 2 digest of opposite direction plasmid pSV2neo-E/-ras (not promoted by 
SV40 promoter) with Kpnl followed by EcoRI; lane 3 EcoRI digest of the cor
rect plasmid pSV2neo-E]-ras (promoted by SV40); lane 4 restrictive analysis 
of plasmid in lane 3 using the same EcoRI/Kpnl treatment as in lane 2; Lane 5 
BamHI digest of pSV2neo-EJ-ras used in lane 3. C, Focus formation ofN!H3T3 
transfected with pSV2neo-EJ-ras having the correct ligation (lane 4 in B); con
trols (pSV2neo, pSV2neo-Ha-ras) did not give any focus or abnormal satura
tion density in confluent growth of NIH3T3 transfectants. 
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Figure 4. Restrictive analysis and endonuclease SY treatment of pSV2neo-Ha-
ras: lane 1 pSV2neo-Ha-r3iS superhelical form dominant; lane 2 digest of plas-
mid with EcoRl and endonuclease Sx(l unit I pig, 37° C, 10 min); lane 3 has same 
treatment as in lane 2, except SY used at 0.5 unit/fig DNA; lane 4 digest of 
EcoRI only; lane 5 digest of plasmid with Kpnl followed by EcoRl; lane 6 digest 
of BamHI; and lane 7 k-DNA Hind III molecular-weight markers. 

of whether A N O is capable of modi fy ing H a - r a s D N A and whether the sites 
of alkylation of H a - r a s D N A are different for A N O and the established car
cinogen anti-BFDE. 

Chemical Modification of Ha-ras D N A by Epoxides. O n the ba
sis of molecular structure, the reactivities of A N O and anti-BFDE toward 
the D N A nucleophiles are shown i n F i g u r e 5. Stereospecific S N 1 reaction at 
the benzyl i c carbocation posit ion of anti-BFDE w i t h the pr imary target exo-
cycl ic amino group of guanine was reported by Jeffrey (25). However , s imilar 

benzylic C + 

intermediate 

N u : HO«" 

G u a - N 2 

C H 2 ~ C H - C ^ N S
N

X 

O 

ANO 

C H 2 — C H - C = N or C H 2 — C H » C = N 
I 

unlikely O H 

destab. by C = N 

I 
O H 

unstab. 1° 

Figure 5. Comparison of heterolytic ring-opening pathways of anti -BFDE 
and ANO by DNA nucleophiles. 
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S N 1 pathways for A N O w o u l d generate unstable carbocation intermediates, 
and hence A N O w o u l d be less favored to react w i t h D N A i n the same m a n 
ner as anti-BFDE. In sorting out their different chemical reactivities, we 
conducted i n v i tro reaction of A N O w i t h p lasmid H a - r a s D N A , the positive 
control be ing anti-BFDE, and the negative control the solvent-treated plas
m i d (mock reaction). T h e strategy to map the chemical modif ication sites i n 
p S V 2 n e o - H a - r a s p lasmid D N A is based on the use of S x endonuclease. This 
mapping technique is predicated on the epoxide-modif ied base, on becom
ing unpaired , offering a cleavage site for the endonuclease S x (16, 26). T h e 
same site i n the original D N A w o u l d be double-stranded and w o u l d not be 
so digested. F i g u r e 4 shows the electrophoretic analysis of p S V 2 n e o - H a - r a s . 
Lane 1 revealed the dominant superhel ical D N A of the untreated p lasmid , 
as opposed to the E c o R I - l i n e a r i z e d form i n lane 4. T h e combinat ion of 
E c o R l and endonuclease S1 d i d not generate any new band (see lane 3) w h e n 
the Sj was used under the same conditions of S r m a p p i n g of the epoxide-
modif ied p lasmid (0.5 unit/|xg D N A , 37 °C, 10 min). However , at double 
the Sj concentration, a new band at ~ 7 kb was observed i n lane 2. Thus , 
the endonuclease S x sites so determined reflect only the epoxide- induced 
unpair ing of the original base pairs, representing significant damage to the 
H a - r a s D N A . The S x sites are detected without the intervent ion of D N A 
repair or ce l l selection for a mutation that imparts growth advantage such as 
in codon 12 or 61. T h e technique for mapping modification is shown i n F i g 
ure 6. F r o m the Southern blot analysis (Figure 7), A N O generated four 
bands i n the region of 2 .0-6 .6 k b , whereas anti-BFDE gave rise to six bands 
i n the same region plus a few smaller fragments. These modifications were 
detected without the sensitivity of a hybr id izat ion probe; hence the 3 ' -end 
b io t in label ing revealed only the prominent S x cleavage sites. The reactive 
sites are more l ike ly to occur on the dominant superhel ical c ircular form of 
pSV2neo -Ha- ras , as indicated by comparing lane 1 w i t h lane 4 i n F i g u r e 4. 
O n e possibil ity is that the hot spots in the superhel ical ras p lasmid may be 
common to both epoxides. A precedent was reported by Kohwi -Shigematsu 
et al . (26) i n the case of a supercoi led p lasmid D N A harbor ing either i n 
verted repeats or poly(dG)-poly(dC) sequences. Two different types of 
chemical carcinogens—N-acetoxy-2-acetylaminofluorene, w h i c h bonds to 
the C-8 position of guanine, and chloroacetaldehyde, w h i c h forms a cycl ic 
etheno derivative w i t h the H 2 N — C = N — residue of D N A bases—appear to 
have modif ied the same specific D N A sites. Presumably, both carcinogens 
reacted w i t h the bases, w h i c h were unpaired non -B D N A structures adopted 
by certain D N A sequences. However , the two epoxides reported here in be
haved toward the H a - r a s D N A i n different manners. T h e four bands pro 
duced by the i n vitro reaction of A N O w i t h H a - r a s D N A clearly show that 
A N O is D N A - r e a c t i v e but has a regiospecificity unl ike that of anti-BFDE. 
Al though this gel analysis was not designed to have the resolution for se
quence analysis, it is noteworthy that the band at 5 kb , w h i c h is very pro -
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Figure 7. Endonuclease Sy analysis of epoxide-modified pSV2neo-Ha-rsiS 
plasmid. Southern blot lane 1 molecular-weight markers, Hind HI digest of k-
DNA, lane 2 ANO-modified, and lane 3 anti-BPDE-modified. 

nounced i n the anti-BFDE lane, is missing from that of the A N O as shown 
i n F i g u r e 7. This band corresponds approximately to 2.2 kb on the H a - r a s 
gene map, w h i c h puts it i n the v i c in i ty of codon (2110 bp). T h e latter codon 
has been found susceptible to modification by anti-BFDE. Vousden et a l . 
(27) reported that a transforming oncogene result ing from i n vitro modi f i 
cation of a H a - r a s p lasmid w i t h anti-BFDE invo lved mutat ion i n the 61st 
codon (70% of transformants) and the 12th codon (30%). A l t h o u g h these m u 
tations may be interpreted as selections through clonal expansion in tumors 
induced by B P D E , the lack of modification by A N O i n the 61st codon area 
i n the present ras D N A reaction appears to be consistent w i t h the lack of 
transforming potential of the A N O - t r e a t e d pSV2neo -Ha- ras . 

T r e a t m e n t o f C h r o m a t i n H a - r a s D N A w i t h A N O . T h e i n vivo 
epox ide -chromat in D N A results, as shown i n F i g u r e 8, are clear-cut. T h e 
S x nuclease mapping technique d i d not reveal any modification site i n the 
H a - r a s D N A isolated from the N I H 3 T 3 transfectants after a br i e f exposure 
to A N O . B o t h the quiescent cells and the cells st imulated by the phorbo l 
ester T P A showed only the 6.4-kb B a m H I fragment i n the isolated genomic 
D N A just l ike the B a m H I fragment of the negative control cells (pSV2neo-
H a - r a s transfectants exposed to solvent only). T h e quiescent cells exposed 
to anti-BFDE also gave the 6.4-kb ras fragment only. A n addit ional major 
band of 6.2 kb , about 0.2 kb from the 5' e n d of the 6.4 kb B a m H I H a - r a s 
fragment, was observed from the anti-BFDE treatment of the transcr ipt ion
ally active, chromatin ras D N A . Regulatory sequences have been reported 
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Figure 8. Endonuclease S} analysis of chromatin Ha-ms DNA isolated from 
NIH3T3 Ha-ms transfectants, Southern-blotted and probed with a biotin-
labeled, nick-translated BamHI-Clal 870 bp fragment of Ha-ms DNA from 
pbc-Nl: lanes 1 and 2, ANO-exposed; lanes 3 and 4, mti-BPDE-exposed; lanes 
1 and 3 for cells pretreated with TP A. 

by Ishi i et a l . (28) i n the far 5' region of the e - H a - r a s - l gene. Pert inent to 
the present epoxide b i n d i n g is that a promoter (nucleotides 117-536) was 
found to express chloramphenico l acetyltransferase (CAT) activity s imilar to 
that found w h e n the long terminal repeat promoter of the Rous sarcoma 
virus was used to control C A T . Spandidos et a l . (29) also reported a phorbo l 
ester-responsive H a - r a s - l gene promoter. T h e y found that rat ce l l transfec
tants that carr ied C A T plasmids l i n k e d to the promoters i n the SstI fragment 
of nucleotides 211-1063 of normal H a - r a s - l , on exposure to 50 ng T P A / m L 
for 12 h , showed a 15-fold increase i n C A T expression over the untreated 
cells. The N I H 3 T 3 H a - r a s transfectants treated w i t h T P A and anti-BFDE 
possibly became transcriptionally active as w e l l as reactive i n the 5 ' -regula
tory region. Thus , an abnormally h igh l eve l of the ras prote in p21 , w i t h or 
without other changes due to point mutations i n the coding region, may 
result , thereby transforming the N I H 3 T 3 transfectants. However , the lack 
of endonuclease Sx sites i n active chromatin ras D N A treated w i t h A N O 
contrasts w i t h the behavior of anti-BFDE. This new observation is an exten
sion of the inactivity of A N O - m o d i f i e d ras i n a nonfocus N I H 3 T 3 transfec-
t ion-transformation assay, w h i c h we reported earl ier (21). T h e anti-BFDE 
was found to be positive i n y i e ld ing N I H 3 T 3 transformants der ived from the 
epoxide-modif ied ras p lasmid transfection and from TPA- t rea ted cells ex
posed to the epoxide. 

Conclusion 
T h e major organ site for the metabol ism and detoxification of A N i n humans 
is the liver. Correlations of the rank-ordered estimates of A N exposure w i t h 
the l iver function and hepatotoxicity tests of the A N - e x p o s e d chemica l work
ers have not shown any dose-response effect related to A N . N o c l in ica l or 
epidemiological indication has been identi f ied as the causative agent for h u 
man l iver cancer from the long-term medica l survei l lance of the workers i n 
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a Lou isv i l l e chemical plant that A N is a carcinogen l ike V C . C l i n i c a l and 
epidemiological data of this cohort are consistent w i t h A N be ing neither a 
serious hepatotoxin nor a human carcinogen. To provide further support to 
this conclusion and a better understanding of A N carcinogenesis, we also 
used a molecular model of H a - r a s oncogene activation to evaluate the car
cinogenicity of A N O . T h e exogenous H a - m s gene, i n supercoi led p lasmid 
or chromatin (active or quiescent), after treatment w i t h a synthetic epoxide 
metabolite, was found to be a useful indicator for carcinogenicity. A t the 
cel lular leve l , the epoxide-modif ied ras D N A is expressed in N I H 3 T 3 cells 
to detect transforming activity. A t the molecular leve l , the promutagenic 
lesions i n p lasmid and chromatin H a - r a s D N A are mapped by endonuclease 
Sp I n both comparisons, A N O and anti-BFDE appear to be diametrical ly 
opposite. This contrast is important to the understanding of carcinogenesis. 
Recently, F a n g et al . (30) developed an i n vitro carcinogenesis mode l i n 
w h i c h pr imary rat hepatocytes were transformed by sequential exposure to 
SV40 D N A and an activated ras oncogene l ike the E J - r a s . Thus , the appar
ently inadequate modification of H a - r a s by A N O and hence inactivity of the 
D N A may be construed as an indicator of low carcinogenicity or noncarc in-
ogenicity. However , the mode l study is pre l iminary , and more ref ined res
olut ion i n sequence analysis of the epoxide-modif ied H a - r a s D N A as w e l l as 
dose-response effect of A N O w i l l be necessary to confirm this f inding. U l 
timately, it w i l l be necessary to confirm that h u m a n exposure at 1-2 p p m 
daily (upper l imits T W A ) and 1-100 p p m i n the workplace has no organic 
basis for carcinogenesis. So far, this oncogene-based, molecular mode l i n 
combination w i t h the worker surveil lance program has prov ided new infor
mation and the possibi l i ty of "negative proof" about A N carcinogenicity for 
the assessment of health risk. This approach may prove fruitful in pred ic t ing 
the relative health risk of environmental carcinogens. 
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13 
Estimation of Risk of Kidney Dysfunction 
from Exposure to Cadmium Using Studies 
of Occupationally Exposed Workers 

Elizabeth A . Grossman and Caroline S. Freeman 

Occupational Safety and Health Administration, Room N-3507, 200 Constitution 
Avenue, N .W. , Washington, DC 20210 

Cadmium can enter the environment through industrial emissions, 
household waste combustion, burning of fossil fuel, and agricultural 
fertilizers. The kidney is one of the organs most sensitive to low-level 
cadmium exposure. Cadmium stored in the kidney can induce dys
function. Passage of low-molecular-weight proteins in the urine is one 
of the first signs of dysfunction, but more severe forms can occur. 
One of the most serious sequelae of cadmium-induced dysfunction, 
itai-itai or "ouch-ouch" disease, occurred in Japan in an environmen
tally exposed population. Because studies of occupationally exposed 
workers may provide a unique estimate of exposure for each member 
of the cohort, these studies can be used to quantify the risk of kidney 
dysfunction from exposure to cadmium, and the results may be ap
plied to environmentally exposed populations. 

CADMIUM IS A NATURALLY OCCURRING ELEMENT l ike i ron or z inc , but 
unl ike these metals, cadmium has no nutr i t ive value. In this respect, cad
m i u m more closely resembles lead or mercury, but unl ike lead or mercury, 
c a d m i u m is a relatively " m o d e r n " metal . L e a d and mercury have been used 
for thousands of years. In contrast, c a d m i u m was not identi f ied as a dist inct 
e lement u n t i l 1817 (I). 

C a d m i u m is a soft, silvery, and duct i le metal that resembles z inc i n most 
of its chemical properties. It is far less c ommon than lead and somewhat less 
c ommon than mercury ; 0.2 p p m of the earth s crust is composed of cadmium 
(I). Ma jor wor ldwide uses of cadmium are i n electroplating (35%), pigments 
(25%), plastic stabilizers (15%), and batteries (15%) (2). 

0065~2393/94/0241-0175$08.00/0 
© 1994 American Chemical Society 
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I n nature, c a d m i u m occurs w i t h z inc or lead. It is obtained as a b y p r o d 
uct i n the ref ining of z inc and, to a lesser extent, i n the ref ining of copper 
and lead from sulfide ores. E v e r since metal ores containing c a d m i u m have 
been ref ined (i.e., the past several thousand years), c a d m i u m has been a 
pollutant i n the environment . O n l y i n the past 70 years, however, has the 
amount of cadmium emit ted into the environment greatly increased. This is 
evidenced by findings such as that i n G r e e n l a n d , where snow deposited at 
one particular site between 1807 and 1917 had cadmium concentrations av
eraging 0.034 (xg/kg of water. Snow deposited at the same site between 1966 
and 1971 had cadmium concentrations averaging 0.63 jxg/kg, an increase of 
1900% (2). 

C a d m i u m enters the environment i n a n u m b e r of ways. M e t a l smelters 
and other industries that use cadmium i n product ion emit the metal i n the 
air and discharge it i n wastewater. A d d i t i o n a l sources of c a d m i u m i n the 
environment are combustion of household waste, w h i c h frequently contains 
products such as plastics and metal scraps; b u r n i n g of fossil fuels; and use of 
agricultural ferti l izers. 

Some cadmium is airborne, but most c a d m i u m is deposited either i n 
water or i n soil . C a d m i u m deposited i n water can be absorbed by seafood 
such as oysters and mussels, thereby enter ing the food chain . C a d m i u m 
deposited i n soil can enter the food chain e ither through plants and crops 
consumed by humans or through plants and crops consumed by animals that 
are, i n t u r n , consumed by humans. Cadmium-contaminated water can c o m 
pound the prob lem w h e n such water floods crop lands or is used for i r r iga 
t ion. 

Inhaled cadmium is more readi ly absorbed by the body than is ingested 
cadmium. Approx imate ly 2 0 - 2 5 % of c a d m i u m deposited i n the lung is sys-
temical ly absorbed, whereas only about 5% of ingested c a d m i u m is absorbed 
by the body (3). T h e majority of absorbed c a d m i u m is deposited i n the l iver , 
k idneys , and muscles. After chronic l ow- leve l c a d m i u m exposure, about 
one-sixth of the body b u r d e n is found i n the l iver , one-fifth of the body 
b u r d e n is found i n the muscles, and one-half to one- th ird of the body b u r d e n 
is found i n the k idneys—the highest concentrations be ing found i n the renal 
cortex (3). As the concentration of c a d m i u m to w h i c h one is exposed i n 
creases, the proport ion of c a d m i u m found i n the l iver increases. O n c e de 
posited i n these organs, c a d m i u m is retained for a long t ime . T h e half-life of 
cadmium is 5-15 years i n the l iver , 10 to 30 years i n the kidney, and over 30 
years i n the muscles (3). 

The k idney is one of the organs most sensitive to chronic low- leve l ex
posure to cadmium. C a d m i u m is stored i n the k idney cortex. W h e n the 
amount of cadmium stored i n the cortex exceeds a threshold leve l , its pres
ence interferes w i t h the tubular reabsorption of low-molecular-weight pro 
teins, such as p 2 microg lobul in and re t ino l -b ind ing prote in . This threshold 
leve l is generally considered to be 200 grams of c a d m i u m per gram of k idney 
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cortex, wet weight (4). T h e condit ion of passing abnormally h igh levels of 
these proteins i n ur ine , k n o w n as tubular prote inuria , is an indicat ion that 
k idney function has been impaired due to damage to the cells l i n i n g the 
prox imal tubules. In cadmium- induced renal disease, tubular prote inur ia is 
considered to be one of the earliest signs of renal dysfunction. 

After prolonged exposure to c a d m i u m , glomerular prote inur ia , a more 
severe state of k idney dysfunction, may develop in conjunction w i t h tubular 
prote inuria . This condit ion is indicated by the presence of h igh-molecular-
weight proteins such as a l b u m i n , immunog lobu l in G , and a variety of g ly
coproteins i n the ur ine . It is theorized that cadmium- induced lesions i n the 
tubules and g lomerul i result i n increased permeabi l i ty of the glomerulus , 
w h i c h , i n t u r n , results i n the loss of high-molecular-weight proteins i n the 
ur ine . 

C a d m i u m - i n d u c e d k idney damage is i rrevers ib le , and because cadmium 
is stored i n the body and transported from other organs to the kidneys over 
long periods of t ime , cessation of exposure may not halt progressive deter i 
oration of k idney function (5). T h e gravity of cadmium- induced renal dys
function is compounded by the fact that at present no medica l treatment to 
prevent or reduce the accumulation of c a d m i u m i n the k idney exists. As 
tubular damage progresses, addit ional signs of k idney damage w i l l emerge. 
These inc lude glycosuria, characterized by excess glucose i n ur ine ; amino
aciduria, characterized by excess amino acid i n the ur ine ; phosphaturia, 
characterized by excess phosphates i n the ur ine ; and hypercalc iur ia , char
acterized by excess calc ium in the ur ine . Eventual ly , g lomerular function 
may be affected, as evidenced by the reduct ion i n the glomerular f i ltration 
rate. 

Studies of Populations with Environmental Exposure 
to Cadmium 
M o s t people are exposed to relatively low levels of c a d m i u m i n the env i ron 
ment. F o r example, even i n h ighly industr ia l ized areas, airborne cadmium 
is usually w e l l be low 0.1 jmg/m3 (2). L i k e w i s e , estimates of the dai ly intake 
of cadmium from food i n the U n i t e d States range from 10 to 51 |xg/day (2). 
There have been cases, however, i n w h i c h c a d m i u m has contaminated the 
environment and has caused serious health effects i n the exposed popula 
t ion. The majority of these cases have occurred i n Japan, where c a d m i u m 
contaminated the food supply. T h e most notorious case of c a d m i u m contam
ination i n Japan occurred along the J inzu R i v e r basin i n Toyama Prefecture. 

The J i n z u R i v e r basin is an agricultural region i n the central part of 
Toyama Prefecture. Inhabitants along the r iver consumed fish from the 
river, used r iver water to irrigate the rice paddies, and, u n t i l the 1930s, used 
the r iver as a source of d r i n k i n g water. I n addit ion , the r iver frequently 
f looded the surrounding farmland. 
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Upstream from the r iver basin is the K a m i o k a M i n e , an ore mine i n 
operation for some 370 years. In addit ion to ore, the mine produced z inc , 
lead, and cadmium. Wastewater from mine-s ludge pi les, p i t drainage, ore-
selection sites, and refineries f lowed into the J i n z u River . 

D u r i n g W o r l d W a r I I , farmers real ized that pollutants i n the r iver water 
from the mine were damaging their crops, but it was not u n t i l the early 
1960s that cadmium was identi f ied as the source of damage to the health of 
the inhabitants along the river. Itai- itai was first recognized as a disease i n 
1955. Mos t of the vict ims were postmenopausal w o m e n who had de l ivered , 
on average, six ch i ldren (7). Itai- itai disease, w h i c h translates to "ouch-ouch" 
disease, was characterized by lower back pains and leg muscle pains. Pres 
sure on the bones, especially the femurs, backbone, and ribs, also produced 
pain. Another characteristic of the disease was a duckl ike gait. These con
ditions w o u l d continue for several years u n t i l a v i c t i m experienced a m i l d 
trauma and was then unable to walk. Once the damage was so extensive that 
a v i c t im was confined to bed , the c l in ica l conditions progressed rapidly. 
Bones i n the extremities and ribs as w e l l as other bones w o u l d be susceptible 
to mul t ip le fractures after very slight trauma, such as coughing. Skeletal 
deformation w o u l d take place, inc lud ing a marked decrease i n body height 
(7). 

A t first, i tai - itai disease was thought to be a type of osteomalacia attr ib
utable to a lack of v i tamin D in the diet. However , w h e n rice samples from 
the region were found to have c a d m i u m concentrations more than 10 times 
greater than rice samples from other regions of the country, it was postulated 
that cadmium played an etiological role i n the development of the disease. 
It is now be l ieved that cadmium exposure i n combinat ion w i t h malnutr i t ion , 
specifically a diet low i n calc ium and v i tamin D , were factors associated w i t h 
the disease. V i tamin D deficiency, w h i c h inhibits the body's abi l i ty to ut i l i ze 
calc ium and phosphates, is we l l -known to cause rickets i n ch i ldren and os
teoporosis and osteomalacia i n adults. The product ion of the biologically ac
tive metabolite of v i tamin D occurs i n the kidney, but w h e n c a d m i u m - i n 
duced tubular dysfunction occurs, product ion of the v i tamin D metabolite 
is reduced (6). 

Itai- itai disease was not the only consequence of c a d m i u m pol lut ion i n 
the J i n z u R iver Basin . A n epidemiological study conducted i n 1967 found 
that the prevalence of prote inur ia i n districts where itai - i tai disease was e n 
demic was 5 0 % i n men of age 60-69 years and over 6 0 % i n w o m e n of age 
60-69 years. F o r those l i v i n g i n the endemic districts over 70 years of age, 
the prevalence of prote inur ia was 70 -80%. I n comparison, the prevalence 
of prote inuria i n ntfnendemic districts and i n border l ine districts was ap
proximately 3 0 % or less i n m e n over 60 years of age and less than 4 0 % i n 
women 60-69 years of age. A l though w o m e n over 70 years of age i n the 
border l ine districts had a 60% prevalence of prote inur ia , w o m e n i n this age 
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group who l i v e d i n nonendemic districts had a prote inur ia prevalence of only 
approximately 4 0 % (7). 

Ep idemio log i ca l studies i n the J i n z u R i v e r Bas in were fol lowed by s tud
ies of residents of other areas of Japan who were potential ly exposed to cad
m i u m . The a im of these studies was to identify other potential c a d m i u m 
pol luters , to determine the extent of the possible effects of c a d m i u m , and to 
search for addit ional itai - i tai disease v ict ims. A l t h o u g h m i n i n g was the 
source of m u c h of the cadmium po l lut ion , enter ing the food supply through 
contaminated water, refineries were also an important source of the contam
ination. F o r example, i n the town of A n n a k a i n G u m m a Prefecture, a large 
zinc refinery contaminated the surrounding farmland, pr imar i l y through air 
borne cadmium. In this area, increased prevalence of tubular prote inur ia 
was observed (8). 

M o s t of the epidemiological studies sought to determine the re lat ion
ship between cadmium i n food and k idney dysfunction. T h e Japanese A s 
sociation of P u b l i c H e a l t h devised a n u m b e r of methods for estimating cad
m i u m intake from foodstuffs, but most of these methods re l i ed on study 
subjects' recall of what they ate or on assumptions of average dietary intake. 
A l though these methods are useful for assessing average c a d m i u m intake 
among groups of people i n a populat ion, for example, m e n , w o m e n , and 
ch i ldren , they do not al low for differences i n c a d m i u m intake among i n d i 
viduals w i t h i n a group. Thus , although these data can be used to determine 
whether an association between c a d m i u m exposure and k idney dysfunction 
exists, the nature of the association, that is, the relationship between dose 
(i.e., cadmium exposure) and response (i .e. , tubular proteinuria) is more 
difficult to assess. 

Studies of OccupationaUy Exposed Populations 
Occupational health studies are part icularly useful for de termin ing the e t i 
ology of illnesses caused by exposure to toxic substances and for assessing 
the risk associated w i t h that exposure. O n e reason for this is that cumulat ive 
dose (i.e., the total amount of toxic substance to w h i c h a person is exposed) 
is usually easier to estimate for an occupationally exposed person than it is 
for an environmental ly exposed person. Since the 1960s, the technology has 
been available to measure most toxic substances, even at very low levels, 
and an increasing awareness of occupational safety and health has l e d to 
improved record-keeping. Thus , i n many instances, it is possible to estimate 
a unique cumulat ive exposure for each worker i n a plant or factory. 

Another reason that occupational health studies are part icularly useful 
for assessing risk is that, i n general , workers tend to be healthier than the 
general population. This means that i n most w o r k i n g populations, the back
ground incidence of disease tends to be lower than i n the general popula -
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t ion. Thus , w h e n the incidence of disease is elevated above background i n 
a work ing populat ion, it is less l ike ly to be attributable to factors other than 
exposure to the toxic substance. 

T h e Occupational Safety and H e a l t h Admin is t ra t i on ( O S H A ) pub l i shed 
its Occupational Exposure to Cadmium; Proposed Rule i n F e b r u a r y of 1990 
(9). As part of the preamble to that ru le , O S H A per formed a pre l iminary 
quantitative risk assessment. To estimate the risk of k idney dysfunction from 
exposure to airborne c a d m i u m , O S H A used data from two occupational 
health studies designed to examine the relationship between c a d m i u m ex
posure and k idney dysfunction. These studies were chosen for a n u m b e r of 
reasons, the most important be ing that the study authors were able to est i 
mate a unique cumulat ive cadmium dose for each member of their cohort. 

The E l l i s Cohort. The first of the studies used by O S H A was by E l l i s 
et a l . (10), who studied k idney dysfunction among male workers at a cad
m i u m smelter. T h e study population consisted of 51 current workers and 31 
ret i red workers w i t h experience i n product ion , nonproduct ion , office, and 
laboratory work. Estimates of cumulat ive c a d m i u m exposure were made for 
each member of the study populat ion by using historical industr ia l hygiene 
data. T h e chronological record of each worker s job assignments was ob
tained from personnel files at the smelter. F o r each worker, cadmium ex
posure was calculated by m u l t i p l y i n g the length of t ime the worker spent i n 
a g iven area by the amount of cadmium estimated to have been inhaled i n 
that area dur ing that year (i .e. , estimates of exposure were adjusted for res
pirator usage) and summing over a l l years i n w h i c h the worker was exposed, 
thereby obtaining an estimate of the t ime-weighted exposure or dose for that 
worker. 

E a c h cohort member completed a health history questionnaire, took a 
physical examination, gave specimens for b lood and ur ine tests, and pro 
v ided 24-h ur ine samples. In addit ion, i n vivo neutron activation was used 
to measure the amount of cadmium i n the l iver and k idney of each worker. 
The 24-h ur ine samples were used to determine whether a worker had ab
normal k idney function. K i d n e y function was judged to be abnormal i f u r i 
nary levels of the low-molecular-weight prote in (^-microglobulin exceeded 
200 jxg/g creatinine or i f total ur inary prote in levels exceeded 250 mg/g cre
atinine. E i g h t e e n active workers (35%) and 23 ret ired workers (74%) were 
classified as having abnormal k idney function. 

Table I presents descriptive statistics for the entire E l l i s cohort. I n that 
table, it can be seen that for both active and ret i red workers , neither age 
nor duration of exposure is significantly different for workers who had nor 
mal k idney function, compared w i t h those who had abnormal k idney func
t ion. O n l y t ime-weighted c a d m i u m exposure is different for those two 
groups. F o r active workers, those w i t h abnormal k idney function had an 
average t ime-weighted exposure more than 16 times greater than the aver-
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Table I. Descriptive Statistics for a Cohort of 82 Active and Retired Cadmium 
Smelter Employees 

Active Workers 

Normal Abnormal 
Kidney Kidney 

Function Function 

Parameters Mean (SD)a Mean (SD)« 

Number 3 3 18 
Age (years) 4 2 . 6 (13.3) 5 3 . 6 (6.8) 
Duration of exposure 141 (118) 2 6 4 (105) 

(months) 
Time-weighted exposure 

(|xg/m3 per year) 
1 0 5 (9.0) 1 6 9 0 (2.7) Time-weighted exposure 

(|xg/m3 per year) 
Renal cadmium (|xg/g) 1 2 5 (2.8) 2 3 0 (2.0) 
Liver cadmium (ppm) 1 1 . 3 (2.8) 6 3 . 9 (1.5) 

Retired Workers 

Normal Abnormal 
Kidney Kidney 

Function Function 

Parameters Mean (SD)a Mean (SD)a 

Number 8 2 3 
Age (years) 6 9 . 0 (8.3) 6 7 . 9 (6.9) 
Duration of exposure 3 4 2 (75) 3 2 9 (103) 

(months) 
Time-weighted exposure 

(|xg/m3 per year) 
3 7 9 (3.3) 3 1 4 3 (3.6) Time-weighted exposure 

(|xg/m3 per year) 
Renal cadmium (fxg/g) 148 (2.1) 1 6 9 (1.7) 
Liver cadmium (ppm) 1 4 . 0 (3.1) 3 3 . 6 (2.9) 

"Means and standard deviations (SDs) for age and duration of exposure are arithmetic means 
and SDs. All others are geometric means and SDs. 
S O U R C E : Reproduced with permission from reference 10. Copyright 1985 Taylor and Fran
cis. 

age t ime-weighted exposure of those w i t h normal k idney function. F o r re 
t i red workers , the average t ime-weighted exposure of those w i t h abnormal 
k idney function was more than eight times the average t ime-weighted ex
posure of those w i t h normal k idney function. 

T h e F a l c k C o h o r t . T h e second study used by O S H A was by Falck 
et a l . (11), who studied 33 workers at a plant that produces refrigeration 
compressors w i t h s i lver-brazed copper fittings. T h e braz ing contained 1 8 -
24% cadmium. Compressors were brazed either manual ly or by an auto-
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mated process. Estimates of cumulat ive exposure were made for each 
worker by using data from air moni tor ing done by the M i c h i g a n Depar tment 
of Industr ia l H e a l t h . W o r k history records were obtained for each employee 
i n the study, and a t ime-weighted exposure for each worker was calculated 
by m u l t i p l y i n g the length of t ime on each braz ing l ine by the mean est i 
mated exposure for that braz ing l ine . 

E a c h of the 33 workers prov ided medica l histories and spot b lood and 
ur ine samples. Three workers were dropped from further analysis because 
of health conditions that affect k idney function. O f the remain ing 30 work 
ers, 8 were asked to provide 24-h ur ine samples, because the ir ur inary g l u 
cose, prote in , and/or p 2 - m i c r ° g l ° D i m n levels exceeded the normal l imits 
(i.e., the 9 5 % tolerance limits) constructed for these variables from the spot 
ur ine samples of 41 unexposed workers who served as controls. Glucose , 
prote in , (^-microglobul in, and creatinine levels were measured i n the 24-h 
ur ine samples of the eight workers and i n 24-h ur ine samples of seven age-
matched male controls. Seven of the eight workers were found to have u r i 
nary prote in levels i n excess of the normal l imits (i .e. , 9 5 % tolerance l imits) 
constructed for ur inary prote in from the 24-h samples of the controls; these 
workers , representing 2 3 % of the entire cohort, were judged to have abnor
mal k idney function. 

Table II presents descriptive statistics for the cohort. T h e table shows 
that of age, smoking, and t ime-weighted exposure, only t ime-weighted ex
posure is significantly different between those i n the cohort w i t h normal 
k idney function and those w i t h abnormal k idney function. T h e average t ime -
weighted exposure for workers w i t h abnormal k idney function is more than 
two times the average t ime-weighted exposure for workers w i t h normal k i d 
ney function. 

Quantification of Risk 
O S H A used logistic regression to quantify the risk of tubular prote inur ia for 
any g iven cumulat ive c a d m i u m dose. Logis t i c regression allows one to 
mode l the relationship between a continuous variable , i n this case c u m u l a 
tive cadmium dose, and a variable w i t h only two possible outcomes, i n this 
case the presence or absence of k idney dysfunction. T h e mode l is based on 
the assumption that the probabi l i ty o f an event (p), i n this case the presence 
of k idney dysfunction, is d is tr ibuted as a b inomia l random variable and that 
the logit function is l inear, or 

log(p / l —p) = a + (3x 

F o r this specific case, the equation may be wr i t t en as 
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Table II. Descriptive Statistics for a Cohort of 30 Employees at a Refrigeration 
Compressor Production Plant 

Parameters 

Normal 
Kidney 

Function 

Mean0 

(95% CI) 

Abnormal 
Kidney 

Function 

Mean0 

(95% CI) p-valueb 

Number 2 3 7 
Age (years) 4 9 5 3 . 1 3 

(47, 51 ) (51 , 55 ) 
Time-weighted exposure 4 5 9 1 1 3 7 . 0 2 

(jxg/m3 per year) 
Smoking habits (pack-years) 

(332, 634) (741 , 1737) (jxg/m3 per year) 
Smoking habits (pack-years) 14 2 4 . 0 7 

(9, 19) (14, 34) 

Urine ratios 
Protein/creatinine (mg/g) 3 4 2 4 6 < . 0 0 1 Protein/creatinine (mg/g) 

(26, 43 ) (132 , 456 ) 

P2 M/creatinine (u,g/g)c 5 3 6 3 7 5 < . 0 0 1 P2 M/creatinine (u,g/g)c 

(31 , 90) (1115; 3 6 , 4 6 3 ) 
Cadmium/creatinine 1 1 1 6 . 0 7 

(H<g/g) (10, 13) (8, 36) 

Serum ratios 
Creatinine/serum 1.1 1.4 . 0 0 3 

(mg/100 mL) (1 , 1.2) (1 .2 , 1.7) 
p2 M/serum (|xg/mL) 2 2 . 3 . 3 2 

(1 .6 , 2 .4) (1 .8 , 2 .8) 

"Means for age and smoking habits are arithmetic means; all others are geometric means. 
Ninety-five percent confidence intervals (95% CIs) are constructed from arithmetic standard 
deviations for age and smoking; all others are constructed from geometric standard devia
tions. 
;,p-value is associated with a test of difference between group means. 
cp2 M is f$2 microglobulin. 
S O U R C E : Reproduced with permission from reference 11. Copyright 1983 Wiley-Liss. 

T h e logistic regression m o d e l may be used not only to mode l the re la 
t ionship between dose and dysfunction but also to estimate the risk of dys 
function (i.e., the probabi l i ty of response) for any given dose. Once the 
mode l has been fit to the data and the parameters a and £ have been est i 
mated, the risk of k idney dysfunction for any given dose may be calculated 
by using the equation 

prob dysfunction = . f °Se , — r 
exp(a) + dose° 

where a and b are the estimated values of a and (3, respectively. 
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The risks associated w i t h a variety of cumulat ive airborne exposures 
(i .e. , doses) are presented i n Table III . T h e 8-h t ime-weighted average 
(TWA) dose represents the leve l of airborne cadmium to w h i c h workers are 
exposed dur ing an 8-h shift. T h e cumulat ive dose, expressed i n |xg/m3 per 
year, represents the total dose a worker receives. T h e cumulat ive dose of a 
worker exposed to an 8-h cadmium T W A of 5 |xg/m3 for 45 years w o u l d be 
225 |jLg/m3 — years (5 X 45 = 225). F o r a worker exposed to an 8-h c a d m i u m 
T W A of 10 (Jig/m3 for 20 years, the cumulat ive dose w o u l d be 200 |mg/m3 per 
year (10 X 20 = 200). 

O n e member of the E l l i s cohort, an 80-year-old ret i red office worker, 
was classified as having k idney dysfunction, although his cumulat ive cad
m i u m exposure was low. H i s l eve l of ur inary (^-microglobulin was just 
sl ightly elevated over the 200 juig/g creatinine l i m i t , and he was the only 
m e m b e r of the cohort w i t h abnormal k idney function at a cumulat ive expo
sure leve l of less than 400 f ig/m 3 per year. Because one observation may be 
very inf luential in a logistic regression, O S H A refit the logistic regression 
mode l to the E l l i s data, exc luding this one case. T h e risks estimated from 
this modif ied E l l i s mode l are also presented i n Table III . 

O S H A fit a logistic regression mode l to the data from Falck et al . (II) , 
and the risks estimated from this mode l are presented w i t h the risk estimates 
from the E l l i s mode l i n Table III . T h e m o d e l used by O S H A is very s imple 
and does not take into account the role of other factors that may be confound
ing the relationship between cadmium exposure and k idney dysfunction. 
Two such variables are age and smoking. U r i n a r y prote in levels increase 
w i t h age, and cigarettes, w h i c h contain approximately 2 |mg of c a d m i u m 
apiece, represent an addit ional source of c a d m i u m exposure. Fa l ck prov ided 
O S H A w i t h data on these two potential confounders for each m e m b e r of his 

Table III. Estimates of Kidney Dysfunction per 10,000 Workers with 45 Years 
of Occupational Exposure to Cadmium 

Incidence of Kidney Dysfunction 

8 Hour 
TWA Dose 

(\Lglmz) 

Cumulative 
Dose 

(\xg/m3 per year) 
Ellis 

Model0 

Modified 
Ellis 

Modelb 

Falck 
Model0 

1 45 261 83 1 
5 225 1646 981 90 

10 450 3177 2467 589 
20 900 5237 4965 3005 
40 1800 7220 7480 7467 
50 2250 7740 8089 8457 

100 4500 8900 9272 9741 

"The estimated parameters for this model are a 
foThe estimated parameters for this model are a 

= -8.34 and b = 1.24. 
= -19.75 and b = 2.78. 

cThe estimated parameters for this model are a = - 10.83 and b = 1.59. 
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cohort. I n its analysis of the data, O S H A found that only the cumulat ive 
cadmium dose made a significant contr ibut ion to the predict ive value of the 
model . I n other words, nei ther age nor smoking cou ld account for the re la 
t ionship between cadmium dose and k idney dysfunction observed i n the 
Fa l ck cohort. 

Table III shows that the highest estimates of risk are pred ic ted from the 
mode l appl ied to the E l l i s data. This f inding is reasonable because the E l l i s 
data set inc luded ret i red workers , and age is a factor in loss of k idney func
t ion. W h e n the ret i red worker w i t h dysfunction but l i tt le c a d m i u m exposure 
is excluded from the analysis, the risks at the lower doses decl ine. Th is f ind 
ing indicates that this one data point was indeed inf luent ia l i n the fit of the 
model . A t the lower doses, the mode l appl ied to the Falck data predicts the 
lowest risks, but by 1800 fxg/m 3 per year, the risks predic ted from the Falck 
data are the same as those predic ted from the E l l i s data. A t h igher doses, 
the Falck data predict h igher risk than the E l l i s data, e ither w i t h or without 
the outlier. 

Another way to compare the risks pred ic ted from these data sets is to 
v iew a graph of the logistic models fit to these data. F i g u r e 1 shows the fitted 
logistic regression l ine for the entire E l l i s cohort, for the modi f ied E l l i s data 
(i.e., the E l l i s data w i t h the outl ier removed), and for the Falck data. O n 
the horizontal axis, cumulat ive dose is expressed i n u,g/m 3 per year. T h e 
vert ical axis shows the probabi l i ty of having k idney dysfunction. T h e fitted 
lines for a l l three models have the same basic shape, but as was seen i n Table 
III , the Falck mode l gives the lowest risks at the lowest doses and the h i g h 
est risks at the highest doses. 

1.0 

Cumulative Dose in ug/m3-years (8 hour exposure X 45 years) 

Figure 1. Probability of kidney dysfunction by cumulative cadmium dose es
timated from the Ellis data, the modified Ellis data, and the Falck data. 
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Uncertainty 
Al though there is uncertainty i n any assessment of risk, w h e n the results are 
corroborated by other epidemiological studies, confidence i n one s estimates 
of risk increases. F i v e other studies of occupationally exposed workers sup
port O S H A s assessment of risk (12-16). 

F i g u r e 2 (17) is another plot of the k idney risk mode l f itted by O S H A , 
but it also plots the observed prevalences of k idney dysfunction from seven 
studies of workers w i t h occupational exposure to airborne c a d m i u m , i n c l u d 
ing the E l l i s and Falck studies (10-16). In addit ion, a metabolic mode l de
r ived by Kje l l s t rom and N o r d b e r g (18) is presented i n F i g u r e 2. T h e ob
served data in this figure show a pattern between dose and response s imilar 
to that predic ted by O S H A i n its risk assessment. T h e prevalence of k idney 
dysfunction increases sharply at cumulat ive exposures above 500 fxg/m 3 per 
year. T h e O S H A mode l generally follows the upper range of the observed 
data and agrees w e l l w i t h the metabolic mode l . This agreement increases 
confidence i n the risk estimates der ived from the O S H A risk assessment and 
increases the l ike l ihood that the logistic regression models provide plausible 
estimates of the risk of k idney dysfunction from exposure to airborne cad
m i u m . 

In summary, we can see that occupational health studies can be useful 
tools for assessing risk from environmental exposure to toxic substances, be 
cause these studies provide dose data for each m e m b e r of the cohort, 
thereby al lowing risk to be estimated for an infinite n u m b e r of dose levels. 

• Kjellstrom (1977) 
O Jarup etal (1903) 
x Elinderetal (1985) 
A Falck etal (1983) 
• Thun etal (1989) 
• Mason etal (1988) 
• Ellis etal (1985) 

—Metabolic Model 
—OSHA Model 

Background Prevalence of 
Tubular Proteinura (2.5%) 

(Cumulative Exposure ug"n3-yr) 
PEL Equivalent 

Figure 2. Prevalence of tubular proteinuria by cumulative exposure to cad
mium in seven cross-sectional studies compared with prediction by the OSHA 
risk assessment and by the Kjellstrom metabolic model. (Reproduced with per
mission from reference 17. Copyright 1991 Wiley-Liss.) 
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Estimating Malathion Doses 
in California's Medfly Eradication 
Campaign Using a Physiologically Based 
Pharmacokinetic Model 
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Services, 2615 South Grand Avenue, Los Angeles, CA 90007 

Physiologically based pharmacokinetic (PB-PK) models are designed 
to simulate the body as a series of tissue compartments, across which 
a chemical is absorbed, distributed, metabolized, and excreted in ac
cord with pharmacokinetic rate laws. Well-constructed PB-PK 
models can be powerful tools for interpretation of biomarker data. 
This chapter demonstrates such use in estimating the absorbed mal
athion doses in subjects potentially exposed during an urban pesti
cide application. Single urine samples were collected from subjects 
within 48 h of a potential exposure for determination of malathion 
dicarboxylic acid, one of the pesticide's major metabolites. Subjects 
also responded to a questionnaire that provided a brief description 
of the circumstances and timing of their exposure. This PB-PK sim
ulation suggests that for the adults (70 kg) and the children (14-34 
kg), the highest absorbed doses were 1.3 and 0.4 mg, respectively. 

CHARACTERIZING CHEMICAL EXPOSURES IN A STUDY POPULATION is one 
of the most difficult challenges i n environmental epidemiology, a fact that 
has been emphasized in a n u m b e r of chapters i n this vo lume. T h e ut i l i ty of 
biomarkers as probes of chemica l exposure has been w ide ly appreciated and, 

0065-2393/94/0241-0189$08.00/0 
© 1994 American Chemical Society 
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as a result , the technology for measuring markers i n biological samples has 
advanced significantly. In particular, analytical methods of de termin ing xe-
nobiotic metabolites i n biological f luids (i .e. , biomarkers of internal dose) 
are increasingly sensitive and rel iable. Successful application of the new as
says i n epidemiological studies is not straightforward, however, because ex
act knowledge of the concentration of a b iomarker i n a sample does not trans
late to a dose (the parameter of greatest interest to the epidemiologist) . 
Physiologically based pharmacokinetic ( P B - P K ) models are designed to treat 
the body as a series of tissue compartments , across w h i c h a chemical is ab
sorbed, d is tr ibuted , metabol ized, and excreted i n accord w i t h pharmacoki 
netic rate laws. Wel l - constructed P B - P K models can be powerful tools for 
interpretation of b iomarker data, as demonstrated here i n estimating ab
sorbed malathion doses i n subjects allegedly exposed to aerial sprays d u r i n g 
an urban pesticide application. 

Malath ion (S- l ,2-bis[ethoxycarbonyl]ethyl 0 , 0 - d i m e t h y l phosphorodi -
thioate) is an insecticide that has been used w ide ly in the U n i t e d States to 
control mosquitoes, f l ies, and household insects since the early 1960s. Th is 
insecticide is a m e m b e r of the organophosphorous group and, as such, can 
cause acute chol inergic reactions i n humans at h igh dosages. Mala th ion is 
readi ly metabol ized by microsomal enzymes through oxidation of the P = S 
bond to P = 0 , fol lowed by hydrolysis of the phosphate ester. However , the 
predominant metabolic pathway i n humans is deesterification of the e thy l 
succinate esters; two of its major ur inary metabolites in humans are the m o n -
ocarboxylic acid ( M C A ) and dicarboxylic acid ( D C A ) . Ga l l o and L a w r y k (I) 
recently prov ided a thorough rev iew of the toxicology and metabol ism of 
this pesticide i n mammals . 

As part of the recent Medi terranean fruit fly (Medfly) eradication cam
paign i n Cal i forn ia , aerial sprays of malathion mixed w i t h a corn-syrup pro 
te in bait were appl ied repeatedly (up to a dozen times) over portions of 
southern Cal i fornia d u r i n g the fall of 1989 and cont inuing through July 1990. 
M u c h of the area sprayed was urbanized and inc luded large populat ion cen 
ters. P u b l i c concern about the health risks of these aerial applications was 
h igh , despite reassurances by state and local health officials. I n an effort to 
address this widespread communi ty concern, state health officials coopera
ted to collaborate w i t h the Los Angeles C o u n t y Depar tment of H e a l t h Ser 
vices staff to study doses of malathion i n local residents al leging exposure to 
the aerial sprays. This collaborative effort l e d to the recrui tment of over 60 
local residents and agricultural workers for a study i n w h i c h malathion's ac id 
metabolites i n ur ine were monitored. Ma la th i on metabolites i n h u m a n ur ine 
are detectable at levels as l ow as a few parts per b i l l i o n (2-4), thus hav ing 
the potential to quantify exposure to microgram quantities of the pesticide. 

T h e purpose of this chapter is to i l lustrate how P B - P K mode l ing can be 
used i n an epidemiological study to estimate the total absorbed dose of m a l 
athion w h e n coupled w i t h internal-dose b iomarker data, i n this case ur inary 
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malathion acid metabolite concentrations. To date, the development and v a l 
idation of P B - P K models has largely been accomplished by toxicologists 
studying experimental animals. This s imulat ion study is un ique , however, 
i n that it involves local residents and agricultural workers w i t h probable ex
posures incurred under " rea l w o r l d " conditions. 

Materials and Methods 
Study Cases and Exposure Scenario. F o r the M e d f l y eradication 

campaign i n southern Cal i fornia d u r i n g 1989-1990, a 2 0 % mixture of tech
nical grade malathion (with 9 5 % purity) d i lu ted i n a corn-syrup prote in bait 
was appl ied over many nights by hel icopter over several h u n d r e d square 
miles , at a rate of 2.3 oz active ingredient per acre (equivalent to approxi 
mately 2u,g/cm 2). T h e aerial applications were found to be uni form, as the 
deposition measured on test cards placed throughout spray areas rarely var
ied by more than 50% of the application rate. Spray droplets ranged i n d i 
ameter from about 100 |xm up to about 1-2 m m . B y the fo l lowing morn ing , 
the sprayed droplets typical ly had dr i ed and hardened and were difficult to 
dislodge from flat surfaces. Mala th ion concentrations i n outdoor air ranged 
up to a few micrograms per cubic meter of air. 

A total of 67 individuals part ic ipated i n the Los Angeles b iomoni tor ing 
study. These inc luded 30 w o m e n (29 residents and 1 agricultural worker) , 
20 m e n (13 residents and 7 agricultural workers), and 17 ch i ldren (8 girls 
and 9 boys). Participants (or parents of the chi ldren) recrui ted were asked 
dur ing an interv iew to respond to a questionnaire about their age, gender, 
circumstances of exposure, durat ion of exposure, and prevai l ing symptoms. 
T h e general profile of the participants and their exposure experience were 
previously descr ibed i n detai l by Papanek and Wolosh in (5). Participants 
were instructed to collect a ur ine specimen at home i n any ordinary clean 
glass jar and to freeze the spec imen immediately . T h e y were also asked to 
label the specimens w i t h the date and t ime of col lection. T h e specimens 
were then col lected by county health department staff, thawed i n the co ld , 
and transferred to uni form glass jars, w h i c h were frozen again. These re -
frozen specimens were later sent to the Hazardous Mater ia ls Laboratory 
( H M L ) of the Cal i fornia Depar tment of H e a l t h Services i n Berke ley for anal 
ysis. In addit ion, 24 specimens were split to provide the Pacific Toxicology 
Laboratories i n Los Angeles w i t h duplicates to be analyzed for qual i ty con
tro l purposes. 

F o r the case study descr ibed here , only the 11 subjects w i t h detectable 
malathion acid metabolites i n their ur ine were inc luded for P B - P K s imula 
tion. These 11 study cases, together w i t h their estimated leve l of total acid 
metabolites (i .e. , M C A + D C A ) , are l isted i n Table I. These 11 subjects a l l 
reported either to have been outdoors at night d irect ly under an aerial ap
pl ication of the malathion bait or to have had extensive and direct skin con-
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Table I. Excretion of Urinary Malathion Acid Metabolites by Subjects 
Potentially Exposed to Medfly Eradication Sprays" 

Subject Case ID Age 
Creatinine 
(g/L urine) 

Acid Metabolites 
(|xg/L urine)0 

Adult residents 
(70 kg) 
A 03 
B 04 
C 39 
D 63 

Agricultural workers 
(70 kg) 
E AG49 
F AG52 
G AG53 

Younger children 
(14 kg) 
H 48 
I 61 

Older children 
(35 kg) 
J 31 
K 60 

60 
48 
60 
51 

39 
45 
57 

10 
5 

1.7 
2.1 
1.9 
1.2 

1.2 
1.3 
1.0 

0.2 
1.4 

2.3 
1.2 

20.7 
81.0 
21.6 

147.0 

45.0 
81.0 
40.0** 

225.0 
24.9 

75.0 
156.0 

"Presumably from direct spray or skin contact. 
*The time lapse from first dermal contact until urine collection was reported to be within 
12 h for all study cases, except subjects B, C, and D; according to their questionnaire, the 
time lapses for subjects B, C, and D were within 24-36 h, 12-36 h, and 36-48 h, respec
tively. 
cBased on the dicarboxylic acid metabolites measured by the H M L of the California De
partment of Health Services; total mono- and dicarboxylic acid metabolites were estimated 
to be three times the amount of dicarboxylic acid metabolites measured. 
dBased on the total mono- and dicarboxylic acid metabolites measured by the Pacific Toxi
cology Laboratories in Los Angeles, whose analytical results were used primarily for quality-
control purposes. 

tact w i t h a sprayed surface, such as grass or backyard foliage. A l l other sub
jects w i t h less exposure, such as those mere ly res id ing i n or walk ing through 
a sprayed area, were found to have undetectable levels of ur inary metabo
lites. Also inc luded in Table I are the ur inary creatinine levels and subjects' 
ages. As ment ioned i n the table footnote, only D C A was measured by H M L . 
The ur ine samples were col lected and analyzed before a commitment was 
made to estimate also the absorbed doses through P B - P K s imulat ion, w h i c h 
at this t ime can make use of only the total acid metabolites since the requ i red 
metabolic rate constants (V m a x ) and Michae l i s constant ( K M ) for s imulation 
are unavailable for the ind iv idua l D C A or M C A . The M C A for each of the 
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11 study cases thus was estimated as two times that of the measured D C A 
i n order to account for the total acid metabolites excreted. 

Accord ing to Bradway and Shafik (2), over half of the malathion metab
olites excreted i n human ur ine appear i n the form of M C A or D C A . A m a l 
athion clearance study conducted recently by the Cal i forn ia Depar tment of 
Pestic ide Regulation ( D P R ) also indicated that the ratio of M C A to D C A 
metabolites in human ur ine changed over t ime (6). This ratio ranged from 
approximately 3:1 at 6-h to 1:1 at 12 h fo l lowing exposure, w h i c h suggested 
sequential deesterification. T h e M C A - t o - D C A ratio used here was consid
ered to be va l id , i n that the mean M C A (provided by the reference labora
tory) among the quality control samples was approximately 1.9 times higher 
than their mean D C A . 

P B - P K Simulation. F o r the past decade, numerous investigators 
have used P B - P K models to predict tissue dose i n animals and humans (7 -
25). These models can be h ighly isomorphic w i t h the physiological and b io 
chemical system of a specific mammal ian species and thus may be useful to 
both toxicologists and epidemiologists. P B - P K models are denned by a set 
of mathematical equations used to simulate the t ime course of a chemicals 
disposition i n several preselected tissue compartments. E a c h compartment 
has its own characteristic b lood flow, vo lume, t issue-blood part i t ion coeffi
cient, and metabol ic- or clearance-rate constants that together explain the 
chemicals disposition i n that region. A comprehensive discussion of the de
tails of constructing P B - P K models has been prov ided by Bischoff (26), G i -
bald i and Perr i e r (27), and Andersen (28). T h e two basic steps i n the con
struction of a P B - P K mode l are (1) choice of body regions and (2) postulation 
of a set of mathematical equations that w i l l adequately relate the chemicals 
disposition i n the preselected regions. 

T h e basic structure of a P B - P K mode l for dermal exposure is out l ined 
i n F i g u r e 1. The dermal-exposure mode l i n F i g u r e 1 shows that there is a 
series of mass-balance differential equations needed to account for the t ime 
course of the chemicals disposition occurr ing i n the tissue compartments. 
T h e model assumes that where the skin is exposed to a chemical , a port ion 
diffuses into the sk in , and the rest is e ither lost to the atmosphere (as by 
evaporation) or remains on the skin . T h e port ion that has been absorbed 
into the skin is further assumed to be gradually d is tr ibuted to the various 
tissue compartments v ia c irculation. I n general , the amount i n a particular 
tissue compartment is affected by many of the fol lowing biological variables: 
(1) the amount of the chemical available i n the c irculat ion at the t ime i n 
question; (2) the cardiac output and the b lood f low to the tissue invo lved ; 
(3) the rates of clearance and metabol ism, i f they take place; and (4) the 
part i t ion coefficient between the tissue and the b lood invo lved , w h i c h is also 
def ined as the solubil ity or concentration of the chemical i n the tissue, c om-
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Loss to Air 
Dose 

SKIN i 

1 P' SURFACE 

Q C x C V t: Q C x C A 

T; 
^ QsJr x Csk 

SKIN 
Qsk x C A 

^ Psk-b 
SKIN 

^ QfxCf FAT Q f x C A 
A Pf-1> TISSUE 

1 
• M E T A B O L I T E S 

^ Q h x C / i 
LIVER Q / i x C A 

P / i -b 
LIVER 

o 1 
— • F E C E S 

X 

i G. 1. Og.l. x C A 
X 

i TRACT 

1 
— • URINE 

KIDNEY Qlrx C A 
^ Pk-b (VESSEL RICH GROUPS) 

^ Q m x C m 
MUSCLE 

Q m x C A 
^ Pm-b MUSCLE 

«4 

Figure 1. A typical PB-PK model for dermal exposure (see box for explana
tion of notations used). 

Qi is blood flow to tissue i; Pi — b is tissue i — blood partition coefficient; Ci is con
centration in tissue i; QC is cardiac output; CV is mixed venous concentration; CA is 
mixed arterial concentration; and CA is equal to CV. 

pared w i t h that i n the blood at a steady state. T h e variables i n the last two 
categories are highly specific to the chemical under investigation. 

M a n y of the differential equations that are typical ly used i n a mode l for 
dermal exposure (see box) have been used i n the P B - P K models for dermal 
absorption of pesticides by Knaak et al . (20) and of organic vapors by M c -
Douga l et al . (9, 21). E q u a t i o n 6 relies on the wide ly accepted assumption 
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that venous l iver concentrations, rather than l iver concentrations, are used 
to der ive the V m a x and K M values invo lved . T h e k inet ic equations l isted in 
the box consist of nonl inear terms and hence cannot be direct ly integrated. 
They can be solved indiscr iminately , however, w i t h numer i ca l procedures 
that have been wr i t ten to approximate an analytical solution. 

O n e numer i ca l procedure that has been considered to offer the most 
accurate (but also more laborious) integration approximation is the R u n g e -
K u t t a method , the computational details of w h i c h are readily available in 
many modern elementary textbooks on differential equations. T h e algor i thm 
for this numer i ca l procedure can be i m p l e m e n t e d w i t h any computer pro 
gramming language such as F O R T R A N , B A S I C ( A ) , or P A S C A L . W i t h i n 
D P R , this a lgorithm has been wr i t t en i n B A S I C ( A ) for P B - P K s imulat ion on 
an I B M - c o m p a t i b l e microcomputer (29). M o r e sophisticated s imulat ion 
packages, such as SimuSolv, S C o P , and S T E L L A , are also available for solv
ing differential equations formulated by the analyst. To date, however, no 
commercia l ly available s imulat ion programs have been wr i t t en specifically 
for P B - P K s imulat ion of dermal exposure. 

Table II lists a l l the physiological and b iochemica l values that were used 
i n the P B - P K mode l constructed here specifically for dermal exposure to 
malathion. M a n y of these parameter values were also used i n two earlier 
related studies by the Cal i forn ia E n v i r o n m e n t a l Protect ion Agency, Office 
of E n v i r o n m e n t a l H e a l t h H a z a r d Assessment ( O E H H A ) , where justif ication 
for the ir use was given (30, 31). F u r t h e r elaboration on the use of these 
values is prov ided i n the next section. In addit ion to equation 6 noted ear
lier, another modification made here to the O E H H A mode l was the assump
tion that malathion leaving the gastrointestinal tract compartment w o u l d c i r 
culate into the l iver compartment. This addit ional modif ication is consistent 
w i t h common practice i n w h i c h the gastrointestinal tract is treated as a sep
arate compartment and is ref lected i n F i g u r e 1 and i n equation 7. 

The objective of this P B - P K mode l ing was to simulate m o d e l predict ions 
of the cumulat ive ur inary excretion of malathion acid metabolites to the 
amounts equivalent to those estimated from the b iomoni tor ing data. Once 
there was a good approximation (match) between the s imulated and the ob
served values, the total absorbed dose of malathion w o u l d be calculated by 
s u m m i n g the amounts s imulated for a l l in terna l tissues, in c lud ing those re 
main ing i n the skin and those excreted. T h e observed ur inary excretions for 
the 11 study cases were first calculated for a 24-h accumulation by m u l t i p l y 
ing the estimated ur inary l eve l of acid metabolites i n Table I by the assumed 
daily ur ine output vo lume. The 24-h accumulation was then adjusted for the 
two (shortest and longest) t ime from exposure to ur ine col lect ion assumed 
for each study case. The dai ly ur ine output volumes for the adults, younger 
ch i ldren , and older ch i ldren were assumed to be 1200, 500, and 800 m L , 
respectively (32). Because the creatinine levels measured for the study cases 
indicate that the dai ly ur ine output volumes tended to be overestimated 
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Equations Typically Used in a P B - P K Model for Dermal Exposure 6 

C A = {(Qsk x C s k /P s k . b ) + (Q f x C f / P , b 

+ (Qh x C h /P h . b ) + (Q k x C k /P k . b ) (1) 
+ (Q m x C m /P m . b )} /QC 

Mixed arterial (CA) concentration is the sum of the amounts eliminated by the 
individual compartments divided by the cardiac output Q C (i.e., by the sum 
of the individual Q t). The amount eliminated in each compartment i is denoted 
by Q, X C / P l 6 , where Q, = blood flow to tissue i , C, = concentration in tissue 
i, and Ft.b = tissue i/blood partition coefficient. (Throughout this box, the fol
lowing notations are used: sk = skin; f = fat; h = hepatic; k = kidney; 
g.i. = gastrointestinal tract; m = muscle; surf = skin surface; met = metab
olite; u = urine; fee = feces; and A M T = amount.) 

d A M l V d * = K s p x A x (C s k /P s k . a - C e s p ) - Ka x A M T s u r f (2) 

The amount on the skin (AMTsurj) changes over time as a function of three 
events: (1) the amount diffused from inside to outside of the skin (although at 
times this amount is negligible); (2) the amount absorbed into the skin; and (3) 
the amount lost to the air. (K s p = skin permeability constant; A = skin surface 
area exposed; P s k . a = skin-air partition coefficient; K a = evaporation constant; 
and C e x p = concentration of dose applied topically.) (Where C e x p is averaged 
air concentration, both this and Equation 3 will no longer be applicable, be
cause in that case the applied dose will not diminish over time.) 

dAMTJdt = K a x A M T s u r f (3) 

The amount lost to the air is a function of K a X A M T s u r f 

dAMTJdt = K s p x A x (C„ p - C s k / P s J + Q s k x (CA - C s k /P s k , ,) (4) 

The amount absorbed into the skin is a function of three events: (1) the amount 
diffused into the skin; (2) the amount diffused from inside to outside of the 
skin; and (3) the amount of difference between that perfused to and that elim
inated in the skin tissue. 

dAMTjidt = Q f x (CA - C f /P f _ h ) (5) 

The amount in fat is related directly to the amount of difference between that 
perfused to and that eliminated in the fat tissue. 

dAMTJdt = (V„ m x Ch)/{(KM x P h„) + C J (6) 

This metabolism rate is based on the well-known Michaelis-Menten equation; 
for some chemicals, this equation may occur in a tissue organ other than the 
hepatic system or may take another form, such as a first-order reaction. 
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Equations Typically Used in a P B - P K Model for Dermal Exposure"—Continued. 

dAMTJdt ---- Q h x (CA - C h /P h . b ) 
+ (Qg., x C g.,/P g,.. b) - dAMTJdt (7) 

dAMTJdt = K„ X AMTk (K„ = urinary constant) (8) 

dAMTJdt = Q k x (CA - CyP k . b ) - K u x A M T k (9) 

dAMTJdt = Q g i x (CA - C g , /P g , , . b ) (10) 

- X GI ( K ^ = fecal constant) 

dAMTfJdt = K, e c X GI (11) 

dAMTJdt = Q m x (CA - C m /P m . b ) (12) 

"These equations are summarized graphically in Figure 1. Equations 7 through 1 2 
are not elaborated here, because on reviewing the first few equations, the reader 
should find their interpretations all to be repetitive. For dermal exposure, mixed 
venous concentration (as denoted by C V in Figure 1) is assumed to be approximately 
equal to C A . 

(perhaps w i t h the exception for the agricultural workers), their 24-h accu
mulations and absorbed doses were l ike ly to be overestimated as w e l l . Sev
eral investigators (33, 34) have recently found the excretion rate of ur inary 
creatinine to change over t ime. It was pr imar i l y because of these observa
tions that the creatinine levels were not used here to calculate the dai ly 
ur ine output volumes. 

Results and Discussion 
T h e amounts of malathion and of its acid metabolites s imulated for the var
ious tissue groups for subject B are presented in Table III . These results 
exemplify the total absorbed dose of malathion s imulated for the longest 
assumed t ime lapse from exposure to ur ine col lection for subject B , whose 
observed malathion acid metabolites i n ur ine accumulated up to 36 h were 
estimated to be (81 u,g/L X 1.2 L /24 h X 36 h = ) 145.8 |xg (see footnotes 
i n Table I and the box for assumptions). As shown i n Table I I I , the accu
mulat ion of acid metabolites s imulated at 36 h was 145.79 |xg. I n order for 
the body to produce and excrete the acid metabolites i n this amount i n 
36 h under the physiological and b iochemical constraints specified by the 
mode l , the amounts of malathion and its metabolites accumulated i n the 
various tissue compartments should approximate those specified i n the ta
ble . T h e total absorbed dose of malathion for this case was estimated to be 
0.56 mg, w h i c h is s imply the sum of the amounts of malathion and of its acid 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
01

4

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



198 E N V I R O N M E N T A L E P I D E M I O L O G Y 

Table II. Typical Physiological and Biochemical Values Used in P B - B K Human 
Models for Dermal Exposure to Malathion 1 1 

Adult Younger Child Older Child 
Parameters (70 kg) (14 kg) (35 kg) 

A. Tissue 
volumes (L) 

Fat 10.0 2.0 5.0 
Intestine 2.4 0.48 1.2 
Kidney 6 2.7 0.54 1.35 
Liver 1.5 0.30 0.75 
Muscle 30.0 6.0 15.0 
Skin 2.6 0.52 1.3 

B. Tissue perfusion 
rates (L/min) 

Fat 0.2 0.06 0.12 
Intestine 1.2 0.36 0.71 
Kidney 6 2.25 0.68 1.34 
Liver 1.5 0.45 0.89 
Muscle 1.2 0.36 0.71 
Skin 0.125 0.04 0.07 
Cardiac output 6.475 1.95 3.84 

C. Hydrolytic liver 
metabolism0 

V m a x (mole/min) 4.89 X 10~ 4 1.46 X 10~ 4 2.91 X 
K m (mole/L) 1.35 x 10~ 4 1.35 X 10 " 4 10 " 4 

1.35 x 
10~ 4 

D . Other kinetic 
parameters 
(min - 1 ) 

Skin permeability 1.0 x 10 " 4 1.0 X 10~ 4 1.0 X 
constant 1.0 X 10~ 4 1.0 X 10~ 4 10~ 4 

Evaporation 20.0 20.0 1.0 X 
constant 0.1 0.1 10~ 4 

Urinary constant 20.0 
Fecal constant 0.1 

E . Tissue/blood 
partition 
coefficient 

Fat 775.0 
Intestine 15.0 
Kidney 6 17.0 
Liver 33.6 
Muscle 22.8 
Skin 25.0 

"Based on those adopted by the California Environmental Protection Agency O E H H A (30, 
31). 
^Including other vessel rich groups (brain, heart, and lungs). 
"Available only for total mono- and dicarboxylic acid metabolites. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
01

4

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 
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metabolites s imulated for a l l internal tissues at any t ime after 8 h from first 
dermal contact (after the dermal dose presumably was washed off). 

In Table III , the disposition of malathion i n the various tissue compart
ments for subject B was for preselected hour ly intervals only. T h e P B - P K 
mode l actually s imulated the amount of chemical i n each tissue at 0 .1 -min 
(6-sec) intervals. T h e output A m e r i c a n Standard C o d e for Information I n 
terchange (ASCII) file from the computer program, on the other hand , l i s ted 
these serial amounts at every 10-min interval . A l t h o u g h i n Table III the 
amounts l isted for some of the tissues decreased over t ime as a result of 
redistr ibut ion , a l l l isted amounts actually represented an accumulation or an 
account of the chemical or its metabolites available up to the specif ied t ime 
interval , rather than that present at the specified t ime . F i g u r e 2 provides a 
graphic v iew of this output for the acid and other metabolites excreted by 
subject B . As shown i n F i g u r e 2, the ratio of acid metabolites to other m a l 
athion metabolites for this ind iv idua l was approximately 1:2. I n addit ion to 
their (cumulative) total, the excretion rate of malathion acid metabolites may 
also be determined from the s imulation data l isted i n the output fi le. The 
excretion rates of malathion acid metabolites calculated at various t ime i n 
tervals for subject B are depicted i n F i g u r e 3. As shown, the excretion rate 
peaked at approximately 9 h after first dermal contact. 

The total absorbed doses of malathion s imulated for the 11 study cases 
are summarized i n Table IV. This summary table shows that subject D 
experienced the highest dose, although this i n d i v i d u a l d i d not have the h i g h 
est leve l of ur inary metabolites. This s imulat ion result was not inconsistent 
w i t h general expectation, however, i n that the subject s dai ly ur ine output 
was assumed to be 1200 m L . Because of age difference, the dai ly ur ine out
puts for subjects H and K were assumed to be 500 and 800 m L , respectively. 
Thus , on a cumulat ive basis, subject D should have higher ur inary acid me
tabolite output (which w o u l d lead to the estimation of a h igher absorbed 
dose), even though subjects H and K had the highest metabolite levels de
tected. 

O v e r a l l , the result s imulated from this P B - P K mode l ing were found to 
be consistent w i t h those available i n the l i terature. In this case study, the 
acid metabolites i n the l i ver were assumed to be excreted p r i m a r i l y into the 
ur ine shortly after they were produced . Accord ing to Bradway and Shafik 
(2), M C A and D C A excreted i n human ur ine cou ld account for 5 7 % of the 
total ur inary malathion metabolites. Table III suggests that the acid metab
olites accumulated through simulation were approximately 3 6 % of the total 
malathion metabolites excreted i n ur ine . A l t h o u g h there appeared to be a 
significant difference between the two studies i n the percentage of ac id me 
tabolites excreted, the lower percentage of acid metabolites obtained from 
this P B - P K s imulat ion was not unexpected. T h e P B - P K mode l constructed 
here was for dermal exposure, whereas the observation by Bradway and 
Shafik invo lved oral exposure based on a single suicide case. As can be seen 
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Figure 2. Excretion of urinary malathion metabolites (simulated for sub-

i n F i g u r e 1, a chemical absorbed in the gastrointestinal tract is l ike ly to be 
immediate ly available i n the l iver , the dominant site for chemical metabo
l i sm ( including that for malathion). However , the same chemical from der 
mal exposure is l ike ly to be more available to other tissue compartments and 
hence could be excreted without first be ing metabol ized into M C A or D C A 
i n the liver. Carboxylesterase is responsible for the degradation (deesterifi-
cation) of malathion into the acid metabolites. It has been shown (35-37), 
however, that i n the general population the l eve l of c irculat ing carboxyles
terase available i n the blood is negl igible compared w i t h that i n the l iver. 

Table III also suggests that the excretion half -t ime of malathion was ap
proximately 12 h after first dermal contact, w h i c h was assumed to have lasted 
8 h . A t 12 h , the total amount of excretion shown i n Table III (i .e. , that l is ted 
under feces, ur ine , and acid metabolites) was 0.27 mg , approximately half 
of the total absorbed dose estimated (for long-t ime lapse). This f ind ing was 
consistent w i t h that observed earlier i n the study by Ross et al . (6), i n w h i c h 
a range from 4 to 12 h was reported as the excretion half -t ime of malathion 
appl ied to the skin i n a vehic le (which inc luded prote in bait). T h e excretion 
data i n Table III indicate that at 48 h after first dermal contact, more than 
7 5 % of an absorbed dose w o u l d be recovered as ur inary (acid and other) 
metabolites w i t h another 2 0 % recovered as fecal metabolites. T h e ur inary 

ject B). 
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1.8 | I I i I { t ' t I t | I I I I | I I I 1 | I I I t | I I I » | I I I I | I 1 1 I | I I I I | I I F"T 

Hours Since First Dermal Contact 

Figure 3. Excretion curve for malathion acid metabolites (simulated for 
subject B). 

recovery s imulated i n this study was only 15 -20% lower than those observed 
experimental ly elsewhere (6, 38). T h e excretion rates s imulated here for 
malathion acid metabolites (as shown i n F i g u r e 3) were s imilar to those es
t imated independent ly by Papanek and Wolosh in (5) and those observed by 
others for total malathion metabolites (38, 39), thus further substantiating 
the kinet ic equations used i n the model . 

Absorbed doses of malathion estimated here through P B - P K s imulat ion 
were typical ly w i t h i n an order of magnitude of the upper -bound estimates 
calculated earl ier by Papanek and Wolosh in (5). In that exposure assess
ment , re ly ing on a different computational method and largely a different 
set of assumptions, Papanek and Wolosh in also found the highest total ab
sorbed doses (3.3 m g for short lapse and 9.6 m g for long lapse) i n subject D . 
The lowest absorbed doses (30 |xg for short lapse and 9 j i g for long lapse) 
estimated i n their exposure assessment also occurred i n subject I. As shown 
i n Table IV, the difference i n t ime lapse tended to have an impact on the 
estimation of total absorbed dose. 

I n general , mode l predictions are greatly affected by the input param
eters. A l though many of the physiological and b iochemical parameters ap
p l i e d i n the P B - P K mode l were also used earl ier by O E H H A (30, 31), i t is 
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Table IV. Total Absorbed Dose of Malathion Estimated through Modeling 

Malathion Dose 
Acid (mgf 

Metabolites0 

(mgf 

ML Short Long 
Subject Case ID Urine) Lapse Lapse 

Adult residents 
(70 kg) 
A 03 20.7 0.11 0.09 
B 04 81.0 0.43 0.56 
C 39 21.6 0.10 0.15 
D 63 147.0 1.00 1.31 

Agricultural workers 
(70 kg) 
E AG49 45.0 0.22 0.20 
F AG52 81.0 0.40 0.36 
G AG53 40.0 0.20 0.18 

Younger children 
(14 kg) 
H 48 225.0 0.30 0.30 
I 61 24.9 0.03 0.03 

Older children 
(35 kg) 

J 31 75.0 0.20 0.19 
K 60 156.0 0.42c 0.40^ 

"The amount of total acid metabolites accumulated up to the assumed time lapse between 
first dermal contact and urine collection (see Table I) was used to simulate each participant's 
total absorbed dose of malathion; the daily urine output volumes for adults, younger chil
dren, and older children were assumed to be 1200, 500, and 800 mL, respectively (32). 
''Each participant's dose was also simulated by using the shortest as well as the longest 
assumed number of hours between first dermal contact and urine collection; for all study 
cases, except subjects B, C, and D, the shortest time lapse was assumed to be 3 h (see 
footnotes in Table I for assumed time lapses). 
cMay be substantially overestimated because of overestimation of the child's body weight 
(32); as shown in Table I, the child was 5 years old at the time of the biomonitoring study. 

conceivable that the input parameters l isted i n Table II might be best de 
fined by their ranges, rather than by their means or mean-based point est i 
mates. A more rel iable and more complex approach to P B - P K mode l ing 
w o u l d thus be to use parameter values randomly sampled from their range, 
wh i l e taking into account their k n o w n or presumed statistical d is tr ibut ion . 
M a n y investigators have begun to ut i l ize this approach to ref ining or i m 
prov ing their P B - P K models i n risk assessment (14-16, 23 , 24). F o r this 
approach, M o n t e C a r l o simulations w o u l d also be r e q u i r e d to obtain a rep 
resentative sample of mode l predict ions, w h i c h by def init ion w o u l d be sta
tistical distributions rather than single points. 
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The M o n t e Car lo technique was not incorporated into the P B - P K m o d 
e l ing here, however, despite its increasing popularity. A major reason for 
this omission was that other parameters used i n the mode l had even greater 
uncertainty. These inc luded the assumed t ime lapse and the estimated total 
acid metabolites estimated for the 11 study cases. As shown i n Table IV, 
dose s imulat ion was affected somewhat by the assumed t ime lapse. A great 
deal of uncertainty was associated w i t h this t ime variable, because its mea 
surement was pr imar i ly based on the part ic ipants recol lect ion. The values 
estimated for the observed total acid metabolites were also subject to sub
stantial uncertainty, i n that direct measurements were not made on M C A 
and total ur ine outputs were not col lected for the participants. Because the 
purpose of this case study was i l lustrative and the b iomoni tor ing study had 
l imitations i n its experimental design, the complex M o n t e C a r l o approach 
to P B - P K model ing was not warranted here. (For a l i m i t e d discussion of 
improved experimental design see the Conc lus ion section.) 

A l t h o u g h the M o n t e C a r l o approach was not used i n this case study, 
over 70 addit ional simulations were made to determine the sensitivity of 
dose estimation to the key b iochemical parameters l isted i n Table II (for a l l 
subjects). W h e n the part i t ion coefficient value for any of the l is ted tissues 
other than skin was del iberately doubled , the absorbed dose pred ic ted was 
altered by about 15% or less. E v e n w h e n either the V m a x or K M value was 
doubled , the dose was altered by no more than 3 5 % . I n this sensitivity anal 
ysis, mode l predictions were found to be most affected (up to as m u c h as 
two-fold) by the s k i n - b l o o d part i t ion coefficient. Such a f inding was not u n 
expected, however, because the t i ssue-b lood part i t ion coefficient is def ined 
as the concentration of a chemical i n the tissue compared w i t h that i n the 
blood at steady state. I f more malathion were bound i n the skin (as w o u l d 
be the case w i t h an increased part i t ion coefficient), less w o u l d be available 
to the l i ver for metabol ism. This effect, in t u r n , w o u l d require an addit ional 
dose absorbed into the body (the skin) so that the same theoretical amount 
of malathion could be available to the l iver for metabol ism. 

Several input parameters l is ted i n Table II were assigned arbitrary v a l 
ues. These parameters inc luded the constants for skin permeabi l i ty and for 
evaporation into air. I n this case study, the total absorbed dose (not the ap
p l i e d dermal dose) was of interest. T h e P B - P K m o d e l was constructed for a 
dose appl ied to a skin surface area of 1 cm2. T h e appl ied dose was at first 
assigned an arbitrary value for a g iven study case and then was var ied i n 
subsequent runs u n t i l the pred ic ted accumulation of ac id metabolites 
matched that estimated from the b iomoni tor ing data. I n short, the m o d e l 
was independent of the total exposed surface area. I f the actual exposed 
surface area were 1000 c m 2 , the m o d e l dose corresponding to a 1-cm 2 surface 
area w o u l d need to be reduced by 1000-fold (so that the total dermal dose 
that w o u l d penetrate through the skin w o u l d remain the same). This prop -
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osition is i n accord w i t h the fo l lowing equation g iven by M c D o u g a l et a l . 
(21) and by Knaak et al . (25): 

ABS =PxAxCxT 

where P is the skin permeabi l i ty constant, A is the surface area exposed, C 
is the exposure concentration, T is the permeat ion t ime , and ABS is the total 
amount of chemical absorbed up to permeation t ime T. A n extension of this 
equation made here is that ABS is quantifiable by s u m m i n g the amounts of 
chemical s imulated for a l l the internal tissue compartments invo lved . T h e 
amount of chemical i n each compartment is estimated by the postulated 
kinet ic equations so that the total comprises the ABS. A l t h o u g h the amounts 
of chemical i n the internal tissues change over t ime , their sum after per 
meation stops (in this case after 8 h) always remains the same; this is because 
the chemical (or its metabolites) has to be present i n some of the interna l 
tissue compartments. This assurance of addit iv i ty is based on the commonly 
encountered b iochemical pr inc ip le known as the mass-balance theory. 

U n l i k e most air levels of organic vapors assumed for dermal exposure 
assessment, the total appl ied malathion dose (i.e., A X C ) rece ived through 
dermal contact by each subject i n this case study was expected to dissipate 
over t ime. As reflected i n equation 2, its quantity on the skin d iminishes 
over t ime because of permeation and evaporation. Insofar as the constants 
for skin permeabi l i ty and evaporation are comparatively smal l and the ir ratio 
does not alter substantially, the appl ied dose that remains on the skin w i l l 
dissipate at a relatively very low, fairly steady rate (for an example, see Table 
III). Consequently , the absorbed dose s imulated here should not be affected 
by the constants assumed for skin permeabi l i ty or for evaporation, unless 
these assigned values, part icularly that for the latter constant, are far off the 
range l imits proposed by O E H H A (30, 31). 

Conclusion 
As discussed i n several earl ier chapters i n this vo lume , classification of ex
posure groups is a cornerstone of wel l -des igned studies i n env ironmenta l 
epidemiology. T h e increasing sensitivity and sophistication of analytical tests 
have greatly expanded the array of biomarkers available to the ep idemio lo 
gist. Data on biomarkers i n biological f luids , regardless of how accurate, 
usually do not correspond i n any direct way to the dose absorbed. A s d e m 
onstrated i n this chapter, P B - P K models provide an essential interpret ive 
tool w h e n appl ied to b iomarker data. 

P B - P K mode l ing was used i n this case study to estimate the total ab
sorbed dose of malathion i n seven adults and four ch i ldren . T h e subjects 
were alleged to have come into contact w i t h the M e d f l y eradication aerial 
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sprays that were appl ied over portions of southern Cal i forn ia d u r i n g the fall 
of 1989 and cont inuing through Ju ly 1990. Results pred ic ted through this 
P B - P K simulation suggest that for the adults (70 kg), the highest absorbed 
dose of malathion was 1.3 m g i n the spray event studied. A m o n g the younger 
(14 kg) and the older (35 kg) ch i ld ren , the highest estimated total doses were 
0.3 m g and 0.4 mg , respectively. These estimations were based on a conser
vative approach, i n that the mode l assumed an above-average dai ly ur ine 
output for the study cases and considered the shortest as w e l l as the longest 
probable t ime lapse from first dermal contact u n t i l ur ine col lection. In ad 
d i t ion , the mode l assumed that as m u c h as 2 0 % of an absorbed dose of m a l 
athion w o u l d be excreted i n feces, thus result ing i n a lower product ion of 
the acid metabolites that w o u l d lead to a h igher quantity of the ABS s i m u 
lated. 

In addit ion to its ut i l i ty i n estimating the total absorbed dose of a c h e m 
ical , P B - P K simulation can be used to estimate simultaneously the various 
t ime-dependent tissue concentrations. T h e amounts of malathion or its me 
tabolites s imulated for the various internal tissues shown i n Table I I I , w h e n 
d iv ided by their corresponding tissue vo lume, w o u l d provide the tissue con
centrations of interest. This type of pharmacokinetic information is crucia l 
for health risk assessment i f the toxic end point i n question is organ-specific. 
Gearhart et al . (18) recently demonstrated the use of P B - P K models for pre 
d ic t ing cholinesterase inh ib i t i on i n rats. A l t h o u g h malathion can cause acute 
chol inergic reactions i n humans at h igh dosages, the P B - P K mode l used i n 
this case study was not revised to separate bra in from the vessel -r ich groups. 
This is because the objective here was not to estimate the various tissue 
concentrations per se but rather to estimate total dosage. 

F u t u r e studies need experimental design considerations to exploit more 
ful ly the sophistication and precis ion of P B - P K models. F o r example, ana
lyt ical methods are needed to quantify the breadth of k n o w n malathion u r i 
nary metabolites, not just D C A or the sum of D C A and M C A . T h e P B - P K 
simulations per formed w o u l d have been more rel iable had the theoretical 
accumulation of malathion ur inary metabolites (for each study case) been fit 
simultaneously as w e l l as statistically to a set of experimental values corre
sponding to definite t ime points, such as at 6, 12, 24, and 48 h . F ina l ly , 
addit ional information is needed on the background exposures to malathion 
i n the general population. Confounding due to dietary exposures was not 
evaluated, other than by a questionnaire. Nevertheless , this pi lot study was 
be l ieved to be useful in prov id ing a rough estimate of the total absorbed 
dose of malathion for individuals allegedly exposed to the M e d f l y eradication 
aerial sprays, part icularly i n l ight of the fact that the subjects were recrui ted 
largely from the general populat ion in sprayed areas and that recrui tment 
was based pr imar i ly on self -reported, al leged exposures surfacing i n c om
plaints to local health authorities. 
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15 
An Epidemiological Assessment 
of the Cantara Metam Sodium Spill 
Acute Health Effects and Methyl 
Isothiocyanate Exposure 

Richard A. Kreutzer1, David J. Hewitt1,3, and William M. Draper2 

1Environmental Epidemiology Section, California Department of Health 
Services, 5900 Hollis Street, Suite E, Emeryville, CA 94608 
2Hazardous Materials Laboratory, California Department of Health Services, 
2151 Berkeley Way, Berkeley, CA 94704 

This chapter describes an environmental epidemiology case study in
volving acute health effects of the pesticide metam sodium released 
in a railroad transportation accident in northern California. A total 
of 23,500 kg of metam sodium spilled into the Sacramento River, de
stroying nearly all aquatic life in a 45-mi stretch of river and exposing 
2129 residents of Dunsmuir to metam sodium's volatile decomposition 
products, which include the potent irritant methyl isothiocyanate 
(MITC). Reported health effects, including nonspecific neurologic 
complaints (headache and dizziness) and irritation (eye, respiratory 
tract, gastrointestinal tract, and skin) were consistent with MITC 
exposure. In Dunsmuir, 14% of residents sought medical attention. 
The case study demonstrates how health effects in a 1-month period 
following the spill were ascertained by using questionnaires, pesti
cide illness reports from private physicians, and hospital inpatient 
and emergency room medical records. An environmental fate and 
transport model suggests that the highest air concentrations of MITC 
in Dunsmuir were less than 160 ppb and may have occurred over 12 
h after the spill as a result of a rapid photochemical conversion of 
metam sodium to MITC in sunlight. 

The Cantara Metam Sodium Spill 
The Sacramento R iver i n northern Cal i forn ia has long been renowned for 
its beauty and excellent trout f ishing. Or ig inat ing near M t . Shasta, it flows 

3Current address: 13500 Cheral Parkway, Apartment 790D, Little Rock, AK 72211. 

0065-2393/94/0241-0209$08.36/0 
© 1994 American Chemical Society 
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south to L a k e Shasta (Figure 1). H u m a n populat ion along this segment of 
the r iver is generally sparse. O n Sunday, Ju ly 14, 1991, at 21:40 h , a South
e rn Pacific Rai lroad train consisting of 97 cars and four locomotives derai led 
on a tight br idge curve spanning the Sacramento River , k n o w n as the " C a n 
tara L o o p " , located 6 m i north of D u n s m u i r . A locomotive, six empty freight 
cars, and an unlabeled tank car left the tracks. T h e tank car came to rest i n 
a part ial ly inver ted posit ion i n the shallows direct ly beneath the br idge (J). 

C r e w members reported odors coming from the derai led cars shortly 
after the derai lment . A t 04:30 on Ju ly 15, rai lroad officials reported a non -
leaking puncture i n the derai led tank car above the water l ine . It was est i 
mated that approximately 1500 gal of metam sodium might have leaked 
into the river. As reports of health effects and dead fish downstream became 

Figure 1. Map of affected area. 
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available later that morn ing , the extent of the sp i l l was reevaluated. Two 
additional submerged holes i n the car were found where it was rest ing on 
the r iver bed . B y approximately noon on Ju ly 15, it was estimated that nearly 
al l of the 19,500 gal of pesticide transported in the tank car were released, 
probably w i t h i n 1 h of the derai lment (I). 

Early Reports of Public Health and Environmental Effects 
The p lume traveled en masse southward at approximately 1 m p h u n t i l the 
early hours of Ju ly 17 w h e n it reached L a k e Shasta, 45 m i from the sp i l l site. 
Aquat i c life along this section of the r iver was severely affected. T h e C a l i 
fornia Depar tment of F i s h and G a m e ( C D F G ) reported fish ki l ls i n the 
hundreds of thousands. 

The largest populat ion center on the affected segment of the r iver is the 
town of D u n s m u i r (population 2129, 1990 census) (2) (Figure 1). Several 
m u c h smaller communit ies (Castella, Sweetbrier, L a M o i n e , Po l lard F lats , 
D e l t a , and Lakehead) and campgrounds are located farther downstream. 

W i t h i n 8 h of the sp i l l , the county health department had rece ived from 
D u n s m u i r residents numerous complaints of i rr i tated eyes and unpleasant 
odors. The tai l end of a l ight yel low-green p l u m e was reported to pass 
through D u n s m u i r around 07:45 (I). T h e M t . Shasta hospital , located a few 
miles upstream from the sp i l l site, began seeing patients w i t h exposure-
related illnesses i n its emergency room by 11:00 on Ju ly 15. A temporary 
shelter for voluntary evacuees was established at the D u n s m u i r H i g h School 
on the afternoon of Ju ly 15 and remained open u n t i l 20:00 on Ju ly 20. Para 
medics were stationed at the shelter to assess, treat, and triage health c o m 
plaints. 

Metam Sodium Chemistry and Properties 
M e t a m sodium (sodium methyldithiocarbamate or sodium methylcarbam-
odithioate) was patented i n 1958 as a soil fumigant and nematic ide (3). A t 
h igh concentrations, metam sodium also is an herbic ide , and it is w ide ly 
used as a wood preservative. Agr i cu l tura l usage of metam sodium has i n 
creased substantially i n recent years, because other previously used f u m i -
gants such as 1,3-dichloropropene were removed from the market due to 
health concerns (4). 

The fumigant activity of metam sodium is attr ibuted to its volati le break
down product , m e t h y l isothiocyanate ( M I T C ) — m e t a m sodium itself is an 
i n volatile salt. M I T C also is a registered pesticide that has a spectrum of 
activity s imilar to that of metam sodium. Surpris ingly , a lky l isothiocyanates, 
inc lud ing M I T C , occur naturally i n plants, but they are usually sequestered 
as glucosinolates. 
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M e t a m sodium is commonly formulated as a 32.7%-by-weight aqueous 
solution, the mixture that was sp i l led into the Sacramento River . It is p re 
pared commercia l ly by reacting carbon disulf ide, methylamine , and sodium 
hydroxide . A t h igh concentrations, metam sodium solutions remain sl ightly 
basic, and the pesticide is relatively stable. A t very h igh and low p H values, 
metam sodium decomposes v ia different pathways (Figure 2). B e l o w p H 4.0, 
metam sodium [pKa = 2.89 (5)] is protonated, and free methyldi thiocar-
bamic acid rapidly converts back to the starting materials, methylamine and 
carbon disulfide. A t h igh p H values (>11), metam sodium loses a second 
proton, and the dianion decomposes to M I T C and sulfide. 

Typically, the concentrated metam sodium formulations are d i lu ted w i t h 
water and are appl ied direct ly to soi l . U n d e r these conditions, metam so
d i u m is rapidly converted i n h igh y i e ld to M I T C (6). 

T h e fate of metam sodium i n natural water is not as wel l -understood. 
T h e ac id- and base-catalyzed decomposit ion reactions (Figure 2) are not i m 
portant at p H 7.0, where metam sodium occurs as its conjugate base 
[ C H 3 N H — C ( S ) S ~ ] . Disso lved oxygen may oxidize metam sodium to a d i 
sulfide, but this oxidation is not thermodynamical ly favored below p H 9.5 
(7). A t near-neutral or sl ightly acidic p H , metam sodium decomposes v ia a 
monomolecular cleavage reaction, g iv ing rise to M I T C and hydrogen sulfide 
(Figure 2). T h e cleavage reaction is be l i eved to involve a planar intermediate 
i n w h i c h a hydrogen is bonded to both sulfur and nitrogen. In addit ion to 
decomposit ion by cleavage, metam sodium is subject to photochemical de
composit ion i n natural water. M e t a m sodium is estimated to have a half-life 
of between 30 m i n and 1.6 h for d i lute solutions irradiated i n summer sun 
light (8, 9). T h e photodecomposit ion products of metam sodium inc lude 
M I T C , w h i c h accounts for 21-24 m o l % of metam sodium reacting (<5). 

I T O H " - 2 

C H 3 N H C S H - C H 3 N H C S" 

Metam-Sodium 

C H . N H -

C H 3 N H 2 

Methyl Amine 
C H , 

\ 
HS" 

0-2 

, N — C %
 N y » C H , N = C 

H - H2S MITC C S 2 

Carbon Disulfide 

Figure 2. Metam-sodium decomposition pathways at acidic (kH
+), basic (kB) 

and near-neutral (k'H s) conditions. 
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Toxicology of Metam Sodium and Decomposition Products 
Acute Health Effects. Because of its involati l ity, significant h u m a n 

exposure to metam sodium was not expected. Exposure to its volatile break
down products, w h i c h could be released into the atmosphere and dispersed 
over a large area, was of greater concern. B o t h M I T C and hydrogen sulfide, 
the main breakdown products, are chemical irritants. L o w concentrations of 
H 2 S (e.g., 10-200 ppm) can cause local ized eye and respiratory-tract i r r i t a 
t ion. H i g h e r concentrations may produce systemic symptoms, such as nau
sea, vomit ing , diarrhea, headache, dizziness, confusion, weakness, tachy
pnea, tachycardia, cardiac arrhythmia , and sweating (JO). 

Less is known about the health effects of M I T C . Also known as " m e t h y l 
mustard o i l " , M I T C [dose that is lethal to 5 0 % of test subjects ( L D ^ ) ] : 97 
mg/kg rat, oral , acute) is considerably more toxic than metam sodium ( L D 5 0 : 
820-1800 mg/kg rat, oral , acute) and was once considered as a chemical war
fare agent because of its irr itant properties. M I T C is k n o w n to be extremely 
irr i tat ing to skin and mucous membranes and at m u c h lower concentrations 
than H 2 S (10-12). A l though other acute health effects of M I T C i n humans 
are less w e l l described, the health effects w o u l d appear to be s imilar to those 
seen w i t h H 2 S exposure, on the basis of l i m i t e d data from animal studies and 
case reports of occupational exposure (13, 14). 

A n important difference between M I T C and H 2 S is the relationship be
tween their odor and irritant thresholds. M I T C is an insidious poison capa
ble of induc ing symptoms at concentrations below its odor threshold [odor 
threshold 100 ppb ; irritant threshold 70 ppb (12)]. H 2 S , i n contrast, can be 
sensed at concentrations w e l l below those produc ing irr itant symptoms 
[odor threshold 1-2 ppb ; irritant threshold 10,000 ppb (JO)]. 

Chronic Health Effects. A n u m b e r of laboratory animal studies nor
mally required by the U . S . E n v i r o n m e n t a l Protect ion Agency ( U . S . E P A ) 
for pesticide registration have not yet been completed. Therefore, specified 
data on chronic , carcinogenic, and reproduct ive effects are incomplete (4). 

M e t a m sodium has not been examined i n a chronic cancer study (4, 13), 
although M I T C cancer bioassays i n rats and mice have had negative results. 
M e t a m sodium is a teratogen in some experimental animals and produces 
neural-tube defects i n rats and rabbits at h igh doses (4). A t levels that 
showed m i n i m a l maternal toxicity, M I T C administrat ion was associated w i t h 
fetal growth retardation i n rabbits. Effects on humans are unknown. 

Individuals chronical ly exposed to irritant gases s imilar to M I T C occa
sionally develop prolonged bronchial hyperresponsiveness (i.e., reactive air
way dysfunction syndrome) fol lowing an in i t ia l chemical bronchit is (J 5). 

Epidemiological Investigation Objectives 
Substantial unknown factors complicated pred ic t ing the potential health ef
fects of the sp i l l . The ra i l car was not placarded as carry ing a hazardous 
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material , and identif ication and notification were thus delayed. E v e n after 
the contents of the car were identi f ied as metam sodium, the composit ion of 
the formulation, its contaminants, and breakdown products remained ob
scure. A l though previous chemical and occupational health studies prov ided 
an indication of the probable environmental fate of metam sodium and po
tential health effects of M I T C , the behavior of a large quantity of the pest i 
cide in the Sacramento R i v e r ecosystem could not be pred ic ted w i t h cer
tainty. 

E n v i r o n m e n t a l data on metam sodium or M I T C levels were not avai l 
able for several days after the sp i l l . M e t a m sodium is difficult to analyze 
directly, and can be determined only by high-pressure l i q u i d chromatogra
phy ( H P L C ) w i t h an unconventional micel lar mobi le phase (16). M e t a m so
d i u m is usually determined indirect ly by measuring its decomposit ion p r o d 
uct, M I T C . Before the sp i l l , Cal i fornia environmental testing laboratories 
were inexperienced i n analyzing either metam sodium or M I T C . A l t h o u g h 
water samples were taken w i t h i n 14 h of the accident, laboratories had n e i 
ther analytical reference standards nor val idated analytical methods. 

Technical difficulties were also experienced i n obtaining air data. T h e 
first samples, taken w i t h i n 24 h of the sp i l l , used an adsorbent ( X A D - 2 ) w i t h 
trapping efficiency inadequate for determinat ion of M I T C . T h e earliest re 
l iable air data on M I T C correspond to 48 h after the sp i l l , w h e n an appro
priate trapping m e d i u m (charcoal) was substituted. Samples had to be flown 
to a laboratory over 200 m i away, w h i c h further delayed analysis. 

Thus , the first objective of the epidemiological investigation was to de
termine quickly, i n the absence of environmental data, the immediate risk 
to publ i c health and the extent of health effects from the sp i l l . In brief, 
telephone calls and visits to area hospitals and the shelter were made from 
July 15-20. Health-care providers at these sites were interv iewed about the 
numbers of spi l l -related patients evaluated and the types and severity of 
symptoms. Patients ' medical charts were rev iewed , and reported symptoms 
were assessed for consistency w i t h k n o w n toxicological end points of metham 
sodium or for unexplained symptomatology. This pre l iminary emergency as
sessment indicated that (1) a substantial n u m b e r of individuals reported 
symptoms from the sp i l l , most of w h i c h were not severe enough to require 
hospitalization; (2) there were no fatalities as a result of the sp i l l ; and (3) 
reported symptoms were generally consistent w i t h exposure to irr itant v a 
pors such as M I T C . 

A second objective of the investigation was formal documentation and 
analysis of spi l l -related health effects reported w i t h i n the first month after 
the incident . To achieve this objective, various methods to assess exposure 
and to ascertain cases were explored. Information from such a study could 
be used to define more clearly the human toxicology of metam sodium and 
its breakdown products and to document more ful ly the acute health impact 
of the incident. Probable M I T C exposure situations were constructed on the 
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basis of a metam sodium environmental fate mode l and correlated w i t h the 
observed health effects. Methods and findings of this analysis are descr ibed 
further on. 

Methods 
Case Ascertainment and Analysis. W e examined spi l l -re lated 

health effects reported from July 14 through August 16, 1991, from the t e m 
porary evacuation and triage shelter i n D u n s m u i r , private physicians i n the 
D u n s m u i r - M t . Shasta region, and i n area hospitals. These data sources are 
descr ibed further on i n more detai l . F o r each information source, "cases" 
were defined as persons report ing symptoms that they be l ieved were due 
to the sp i l l d u r i n g the per iod of study. Exposure was necessarily based on 
self-report. Cases potentially cou ld inc lude area residents, tourists, or i n d i 
viduals travel ing through the area who sought medica l evaluation. 

Data Sources. D u n s m u i r shelter: A one-page, sel f -administered ques
tionnaire for patients was designed by Cal i forn ia Depar tment of H e a l t h Ser
vices ( C D H S ) staff and d is tr ibuted to the shelter on July 15. In addit ion to 
name, gender, age, address, and date completed , the questionnaire i n 
c luded a list of possible symptoms, based on effects of probable metam so
d i u m decomposit ion products, w h i c h could be checked or c i rc led . Infor
mation on other symptoms, odors smel led , and location, t ime , and durat ion 
of exposure also were requested. 

Individuals (or parents of young children) using the D u n s m u i r shelter 
medical facility d u r i n g its per iod of operation from July 15-20 completed the 
questionnaires, w h i c h were suppl ied and col lected by shelter staff. In ad
d i t ion , investigators were permi t ted to rev iew a separate card file that shel 
ter paramedics had maintained for al l patient contacts. Questionnaires were 
supplemented w i t h paramedic data, w h e n possible, to complete the case 
profile. 

Local Private Physicians. Pestic ide il lness reports (PIRs) were a second 
major data source. These are one-page forms that must be completed by any 
Cal i fornia physic ian who examines a patient w i t h health problems suspected 
to be pesticide-related. T h e forms are submitted to both the county and state 
health authorities. Items on the form inc lude the pat ients name, gender, 
age, and address; date of evaluation; and date, t ime , location, and route of 
exposure. Physicians also are asked to describe br ie f ly symptoms, physical 
f indings, and treatment and to indicate whether the patient was pregnant at 
the t ime of exposure. Copies of a l l spi l l -re lated PIRs for the study per iod 
that had been received by Siskiyou C o u n t y E n v i r o n m e n t a l H e a l t h D e p a r t 
ment through September 1991 were obtained. 

Area Hospitals. Three hospitals (a small c ommuni ty hospital i n M t . 
Shasta and two larger regional hospitals i n Redding) w i t h i n 25 m i of the sp i l l 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
01

5

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



216 E N V I R O N M E N T A L E P I D E M I O L O G Y 

area were identi f ied and were presumed most l ike ly to have seen s p i l l -
related illnesses. O n Ju ly 15 and 16, investigators alerted these hospitals of 
the C D H S study and asked them to participate. C D H S requested access to 
al l emergency room and inpatient medical records of patients identi f ied by 
hospital staff as spi l l -related. Beg inn ing on Ju ly 15, the M t . Shasta hospital 
staff also agreed to distr ibute and collect questionnaires identical to those 
d istr ibuted at the shelter. Patients vo luntar i ly completed the questionnaire 
whi l e wai t ing for evaluation. I f completed , questionnaires were inc luded i n 
the patient s permanent medical record and were used by abstractors to sup
p lement information prov ided by the attending physic ian. 

After the C D H S f ie ld investigation team left, the M t . Shasta hospital 
was contacted daily by telephone through August 16 to monitor the n u m b e r 
of spi l l -related patients seen. Because the two hospitals i n R e d d i n g reported 
very few spi l l -related patient contacts d u r i n g the first week after the sp i l l , 
they were not surveyed after Ju ly 19. T h e remain ing spi l l -related patient 
charts for the study per iod from the M t . Shasta hospital were abstracted o n -
site i n August . 

A single abstraction form was designed to extract data from the ques
tionnaires, P I R s , and hospital patient records. T h e abstraction form was pre 
pared i n an E p i Info (17) computer database for direct key entry of records, 
w h e n possible. E p i Info also provides for convenient data management and 
rapid pre l iminary analysis. 

Data Analysis. Once records were entered into the database, they 
were rev iewed for duplicates, because some records were abstracted from 
mult ip le sources. I f the recorded visits for the same person occurred on 
different days, they were considered separate records, regardless of the re 
port ing source. I f the visits to different report ing sources occurred on the 
same day, it was usually the result of paramedics at the shelter tr iaging pa 
tients to either the local physicians ' offices or to the M t . Shasta emergency 
room, thus, these visits were recorded as a single patient contact. D i s c r e p 
ancies i n the information prov ided by the different sources were resolved 
where the correct information was clear (e.g., key entry error). W h e r e res
o lut ion was not possible, the emergency room or private physic ian record 
was accepted over the shelter record. 

Data were analyzed by date and site of evaluation, age, gender, and city 
of residence. Frequenc ies of reported odors and symptoms were calculated. 
Symptoms were stratified by age, sex, evaluation site, evaluation date, odor 
detection, and smoking history. A one-way analysis of variance or student s 
t-test was used to determine whether the average n u m b e r of symptoms re 
ported per case differed for any of the stratified variables. 

A l l hospitalizations and pregnancies identi f ied through the surveil lance 
were rev iewed. I n October investigators conducted a telephone fol low-up 
survey of w o m e n pregnant at the t ime of the sp i l l . Questions on past preg -
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nancy history, number of weeks pregnant at the t ime of the sp i l l , progress 
of pregnancy since the sp i l l , and pregnancy outcome were inc luded . 

Estimating M I T C Exposures in Dunsmuir. Author i t ies evaluat
ing the effects of the pesticide sp i l l needed both qualitative and quantitative 
information on chemical exposures. The available information indicated that 
M I T C was the pr inc ipa l transformation product . In v i ew of its toxicity (rel
ative to hydrogen sulfide) and its potential to volati l ize rapidly from water, 
M I T C was presumed to pose the greatest threat to pub l i c health. Thus , 
estimating M I T C exposures i n the communi ty of D u n s m u i r was a h igh pr ior 
ity because of the town s close proximity to the sp i l l and its comparatively 
large population clustered along the river. T h e leading edge of the p lume 
reached D u n s m u i r early i n the m o r n i n g of Ju ly 15, w h e n most residents 
w o u l d have been at home. 

Peak M I T C exposures were estimated by using a metam sodium e n v i 
ronmental fate and transport mode l coupled to an atmospheric dispersion 
mode l described i n detai l elsewhere (24). T h e M I T C source strength was 
based on estimations of (1) the in i t ia l water concentration of metam sodium, 
(2) the rate of conversion of metam sodium to M I T C i n darkness and day
l ight , and (3) the rate of M I T C volati l ization from the r i v e r s surface. The 
d i lut ion of airborne M I T C between the source and the receptor communi ty 
was approximated by using a Gaussian p lume atmospheric dispersion mode l , 
w h i c h assumed an u p w i n d , v i r tua l point-source as descr ibed by the U . S . 
E P A (7, 18). This technique is wide ly used i n permi t t ing hazardous-waste 
management facilities where fenceline concentrations of toxic substances are 
of interest. 

The emission rate of M I T C from the r i v e r s surface was de termined by 
two consecutive first-order processes: cleavage y i e ld ing M I T C fol lowed by 
M I T C volati l ization from water. Rate constants for metam sodium cleavage 
and M I T C y i e l d were de termined i n the dark and i n s imulated sunlight i n 
laboratory studies described elsewhere (21). Based on the laboratory exper
iments, metam sodium was expected to decompose w i t h a rate constant of 
1.7 X 1 0 " 4 m i n " 1 i n the 15 °C Sacramento R i v e r water. T h e experimental 
y i e l d of M I T C was 15 m o l % , meaning that each ki logram of metam sodium 
decomposing i n the dark y i e lded 85 g of M I T C . 

In daylight metam sodium degraded m u c h more rap id ly T h e rate of 
photodecomposit ion of metam sodium i n sunlight was approximated by us
ing models again developed by the U . S . E P A (19, 20). These models accu
rately predict direct photolysis rates of pollutants w i t h corrections for sea
son, latitude, water depth , and other parameters. T h e absorption spectrum 
of metam sodium and the photochemical quantum y i e l d also are requ i red 
inputs to the mode l and were determined experimental ly by D r a p e r and 
Wakeham (21). The $ s o l a r de termined for metam sodium was 0.4 ± 0.1, 
exceptionally h igh for any photolabile compound. The observed y i e l d of 
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M I T C from the photochemical reaction was 19%, s imilar to that reported 
previously (<S). T h e U . S . E P A m o d e l predic ted a half-life of 2.5 h for metam 
sodium i n midday summer sunlight w i t h a water depth of 0.4 m. 

E n v i r o n m e n t a l models require various assumptions and simplif ications, 
w h i c h substitute for missing information and provide easily solved mathe
matical expressions. T h e characteristics of the mode l perta in ing to the sp i l l 
(e.g., p l u m e dimensions, current and w i n d speeds, and dayl ight-darkness 
regimen) have been out l ined i n detai l elsewhere (24). 

Geographic Distribution of Cases. A map of the D u n s m u i r area 
showing the location of city l imits , the major streets and highways, and the 
Sacramento River , was produced w i t h the computer program A R C / I n f o (22). 
H o m e addresses of cases l is t ing a D u n s m u i r residence were de termined 
from database information. F o r cases i n w h i c h no street address was g iven 
(i.e., address miss ing or post office box given), a 1991 telephone directory 
of the area was consulted. As a final method of de termin ing home addresses, 
the D u n s m u i r Post Office was contacted. Cases i n w h i c h the street address 
could not be located were excluded. Case residences then were geographi
cally coded and plotted on the D u n s m u i r map. 

Rates of illness were calculated for the D u n s m u i r populat ion and strat
if ied by age and gender. Cases l i v i n g i n the city constituted the numerator, 
and the 1990 D u n s m u i r census populat ion was the denominator. 

If the major component of M I T C exposure occurred as the p l u m e passed 
through the town, as was in i t ia l ly assumed, both exposures (and symptom 
attack rates) w o u l d be expected to decl ine w i t h distance from the river. Se
r ia l 300-ft concentric regions or zones around the r iver were constructed. 
Because of the irregular city boundaries, the zones inc luded some areas out
side the city l imits . Zones also were extended approximately V2 m i past 
the southern city boundary to inc lude cases report ing a D u n s m u i r residence 
but l i v i n g just south of the city l imits . Populations of each zone were deter
m i n e d from census block data. W h e r e a block crossed two or more zones, 
the proport ion of the block populat ion i n the zone was presumed equal to 
the proport ion of the b locks housing units located w i t h i n that zone. Rates 
of illness were calculated and contrasted for each zone. 

Results 
Data Sources. Information was obtained for 848 spi l l -re lated medica l 

visits occurr ing between July 15 and August 16, 1991. A total of 705 separate 
individuals w i t h 115 seeking medica l attention more than once (89 seen 
twice, 24 seen three t imes, and 2 seen four times) were v is i ted . The n u m b e r 
of medical evaluations was approximately equally d is tr ibuted among the 
triage center (338), physicians' offices (223), and emergency rooms (278). O f 
the 278 emergency-room visits recorded, 257 (92.4%) occurred at the M t . 
Shasta hospital , and 21 (7.6%) occurred at the two R e d d i n g hospitals. Infor-
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mation from 223 visits to private physicians i n the area was pr imar i l y ob
tained from PIRs received from 17 different providers . A total of 23 i n d i v i d 
uals evaluated at the shelter sought addit ional evaluation from emergency 
rooms or private physicians. 

Characteristics of Cases. T h e majority of individuals who sought 
medical attention were from D u n s m u i r (70.6%), M t . Shasta (7.2%), and Cas -
tel la (6.4%), the communit ies closest to the sp i l l site. T h e age and gender 
distributions of those report ing symptoms are shown i n F i g u r e 3. I n general , 
more female than male subjects reported symptoms. O v e r a l l , 54 .3% of the 
individuals report ing symptoms were female. O f indiv iduals report ing 
symptoms, the largest numbers were seen i n the 30-39-year age group. 
The number of visits remained relatively constant from July 15-19, de
creased sharply on Saturday, Ju ly 20, and gradually tapered off d u r i n g the 
second postspi l l week (Figure 4). A small increase i n the n u m b e r of visits 
was noted on Monday, July 29. There were 28 addit ional visits from August 
1-16. 

Clinical Manifestations of Exposure. Symptoms most commonly 
reported at first evaluation are shown i n Table I. T h e symptoms reported at 
each site were generally similar. T h e most c ommon symptom reported was 
headache (63.8%). Near ly one-half of the indiv iduals compla ined of eye i r 
ritation or nausea. Symptoms represented i n the " o ther " category, reported 
by fewer than 5% of cases, inc luded depression, disorientation, drowsiness, 
dry mouth , earache, fatigue, fever, hot flashes, i rr i tabi l i ty , memory reduc
t ion , nose b leed , numbness, pain i n the arms or legs, r ing ing i n the ears, 

Figure 3. Age and gender distribution of cases. 
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Figure 4. Date and site of spill-related medical evaluations. 

and sweating. T h e distr ibut ion of symptoms var ied l i tt le by gender or by 
age group. 

A n unexpected f inding was the cont inued report ing of health complaints 
1 week after the sp i l l or later. L i t t l e difference i n the types and d istr ibut ion 
of symptoms were reported i n those seen w i t h i n 1 week of the sp i l l , c om
pared w i t h those seen later. However , higher percentages of weakness, d iar 
rhea, cough, rash, and other symptoms were reported among those seen 
later. 

Odors were reported by 247 (35.0%) of cases studies. M o s t of those 
report ing an odor (63%) descr ibed it as a sulfur or "rot ten egg" smel l . O t h e r 
reported odors inc luded insecticide or b u g spray, chemical , acid, almonds, 
ammonia , chlor ine, diesel , disinfectant, horseradish, saltiness, and sweet
ness. A total of 56 cases specifically reported smel l ing no odors. A group of 
402 case reports d i d not have any information on odor detection and were 
excluded from analysis. F o r cases more than 10 years of age, headaches were 
more frequent among those report ing an odor, but the frequency of weak
ness, nervousness, and f lushing was significantly higher among those re 
port ing no odor. The d istr ibut ion of other symptoms was generally similar. 
The mean n u m b e r of symptoms per case was not in f luenced by odor detec
t ion. 

Data on smoking status were l i m i t e d , but 75 cases were recorded as 
be ing current smokers, whereas 48 specifically reported that they d i d not 
smoke. These data were missing i n 435 cases. T h e distributions of symptoms 
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Table I. Number (Percentage) of Cases 
Reporting Selected Symptoms 

Number (%) 
Symptom of Cases0 

Neurologic 
Headache 
Dizziness 
Weakness 

4 4 5 (63.8) 
2 0 6 (29.6) 

8 1 (11.6) 

Mucomembranous 
irritation 

Eye 
Throat 
Nasal 

3 3 8 (48.5) 
2 9 3 (42.0) 
1 6 1 (23 .1) 

Gastrointestinal 
Nausea 
Diarrhea 
Abdominal pain 
Vomiting 

3 2 2 (46.2) 
176 (25.3) 
1 3 1 (18.8) 
104 (14.9) 

Respiratory 
Shortness of 

breath 
Chest tightness 
Cough 
Wheeze 

1 8 9 (27.1) 
1 5 6 (22.4) 

9 7 (13.9) 
8 1 (11.6) 

Dermatologic 
Rash 
Itching 

9 5 (13.6) 
7 8 ( 1 1 . 2 ) 

Miscellaneous 
Metallic/odd taste 
Nervous 
Flushing 
Chills 
Other 

5 0 (7.2) 
3 3 (4.7) 
3 1 (4.4) 
2 2 (3.2) 

2 6 4 (37.9) 

Mean number of 4 .8 
symptoms per case 

"N = 697. 

on the basis of smoking status were similar, although for nearly a l l symp
toms, the frequencies were lower i n the nonsmokers. T h e only symptom i n 
w h i c h this difference was statistically significant was shortness of breath. 
Smokers also tended to report more symptoms per case, but this was not 
statistically significant. 

Hospitalizations. Seven individuals were admitted to the M t . Shasta 
Hosp i ta l d u r i n g the first week after the sp i l l , for possible exposure-related 
il lness. F o u r were respiratory-related admissions, three of w h o m had preex-
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ist ing respiratory disease, and two cases of possible syncope (fainting). C a r 
diac arrhythmia (bigeminy) and disorientation were noted i n one ind iv idua l 
who probably received a part icularly intense exposure through involvement 
i n in i t ia l c leanup activities at the sp i l l site. A l l patients were discharged by 
July 28. N o other k n o w n spi l l -related hospital admissions occurred after this 
date. N o human fatalities were attr ibuted to the sp i l l . 

Pregnancies. E i g h t pregnant w o m e n from the sp i l l area were i d e n 
tif ied d u r i n g this study. N o adverse pregnancy outcomes were recorded. 
However , two w o m e n i n their first tr imester elected to have a therapeutic 
abortion, i n part because of concerns about exposure effects. 

Health Impact of the Spill on Dunsmuir. A total of 498 (70.6%) of 
the 705 cases l isted their c ity of residence as D u n s m u i r . O f these, 391 
(78.5%) had home addresses that could be located w i t h i n or direct ly adjacent 
to the D u n s m u i r city l imits . F o r the 107 remain ing cases, a street address 
could not be identi f ied, or, i n a few isolated cases, the address was m u c h 
further south or north of the c ity l imits . 

Rates of symptom report ing for cases l i v i n g w i t h i n the D u n s m u i r c ity 
l imits are shown i n Table II . A total of 290 cases, or approximately 13 .6% of 
the D u n s m u i r city populat ion, based on 1990 census data, sought medica l 
evaluation for symptoms attr ibuted to the sp i l l d u r i n g the first month after 

Table II. Dunsmuir City Population and Number 
(Percentage) Reporting Symptoms by Gender and Age 

Dunsmuir 
Dunsmuir Casesb 

Parameter Population" n(%) 

Total 2,129 290 (13.6) 

Gender 0 

Male 1,039 129 (12.4) 
Female 1,090 158 (14.5) 

Age 
(Years)'7 306 42 (13.7) 

0-9 300 34 (11.3) 
10-19 210 41 (19.5) 
20-29 289 62 (21.5) 
30-39 295 46 (15.6) 
40-49 188 22 (11.7) 
50-59 255 15 (5.9) 
60-69 286 13 (4.5) 
70 + 

"1990 census figures. 
/ }Only cases in which home located within city limits. 
cGender not given for three Dunsmuir cases. 
dAge not given for 15 Dunsmuir cases. 
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the incident. Rates of symptom report ing appeared slightly higher among 
female than male subjects (14.5 versus 12.4%). Larger differences were seen 
on the basis of age group. Approx imate ly 2 0 % of the 20-29-year and 30 -39 -
year age group populat ion reported symptoms, whereas less than 10% of 
those i n the 60-69-year and over-70-year age groups reported symptoms. 

Rates of symptom report ing for consecutive 300-ft zones adjacent to the 
Sacramento R iver were calculated (Table III). Total populat ion inc luded i n 
the analysis (2539) is higher than the D u n s m u i r city populat ion, because the 
analysis includes census tracts adjacent to the D u n s m u i r city l imits . O v e r a l l , 
391 (15.4%) of the D u n s m u i r area populat ion reported symptoms based on 
1990 census tract data. Rates were highest i n the 0-300-ft zone (21.2%), 
decreased and remained relatively constant at 12 -15% for the 301-600, 6 0 1 -
900, and 901-1200-ft zones, and increased again to 19.8% for the 1201-1500-
ft zone. N o significant change i n d istr ibut ion occurred w h e n attach rates 
were stratified on the in i t ia l symptom onset date. Rates based on age and 
gender distr ibut ion could not be calculated, because information on these 
variables w i t h i n the ind iv idua l zones was not available. 

Exposure Predictions Based on the Fate and Transport Model. 
As the metam sodium p lume traveled south toward L a k e Shasta, the pest i 
cide decomposed slowly in the dark and rapidly i n sunlight (Figure 5). In 
the 6 h required for the p lume to reach D u n s m u i r , only about 5% of the 
metam sodium decomposed. Between 09:00 and 15:00, w h e n the metam 
sodium p lume was 5-12 m i down the canyon from D u n s m u i r and near the 
communit ies of Castel la , Sweet Briar , S ims, and G i b s o n , the majority of the 
pesticide was consumed by photodecomposit ion. B y sundown of the first 

Table III. Dunsmuir Area Population and Number (Percentage) Reporting 
Symptoms by Distance of Home from the Sacramento River 

and Predicted MITC Concentrations 

Dunsmuir Predicted 
Dunsmuir Cases MITC 

Distance from river (ft) Population" n(%) Concentrations1' 

0 - 3 0 0 4 0 6 8 6 (21.2) 8 8 
3 0 1 - 6 0 0 6 3 7 8 7 (13.6) 3 9 
6 0 1 - 9 0 0 6 8 9 9 9 (14.4) 2 6 
9 0 1 - 1 2 0 0 5 9 0 7 6 (12.9) 2 0 

1 2 0 1 - 1 5 0 0 2 1 7 4 3 (19.8) 1 5 

Total 2 5 3 9 3 9 1 (15.4) 

"Based on 1990 census block figures, includes areas surrounding city limits. 
'The MITC concentrations are those predicted for the early morning hours of 7/15 when the 
metam-sodium plume passed through Dunsmuir. Higher and more uniform exposure con
centrations probably occurred later that day in Dunsmuir when the MITC production rate 
was greater and southerly wind flow developed. 
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I irr.e (Hcurs) 

Figure 5. Metam-sodium decomposition and MITC production in the Sac
ramento River predicted by the environmental fate model. 

day, approximately 8 5 % of the compound had photodecomposed, and after 
the second day of sunlight exposure, metam sodium was almost completely 
gone. The calculated metam sodium concentration i n r iver water reaching 
Lakehead and D o n e y C r e e k was less than 200 m g / L . This estimate does not 
take into account d i lut ion due to feeder streams along the 45 -mi course of 
the river, p lume dispersion, or decomposit ion by other abiotic or metabolic 
processes, a l l of w h i c h w o u l d further reduce the concentration. 

M I T C product ion was strongly inf luenced by sunlight. Accord ing to the 
model , immediate ly after the sp i l l , emissions were about 20 k g M I T C / h , but 
rates as h igh as 560 kg M I T C / h occurred w h e n the sunlight reached maxi 
m u m intensity. Another M I T C pulse is seen the next day, but M I T C emis
sions on July 16 were only about 15% of those on July 15. A total of 2400 k g 
of M I T C volatilized from the river, less than 10% before 9:00 on July 15, >75% 
dur ing the daylight hours of Ju ly 15, and approximately 1 1 % on Ju ly 16. 

As the p lume traveled through D u n s m u i r i n the predawn hours of Ju ly 
15, M I T C levels were highest nearest the r iver and dropped off abruptly 
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because of atmospheric dispersion. F o r example, between 150 and 1350 ft, 
M I T C exposure concentrations dropped from 0.088 to 0.015 p p m . E x p o 
sures at this t ime were strongly in f luenced by the prox imity of D u n s m u i r 
residences to the river. T h e durat ion of this exposure corresponds to the 
t ime required for the p lume to pass, approximately 1 h . 

B o t h the magnitude and durat ion of D u n s m u i r exposures may have 
been greater later that day w h e n the M I T C emissions increased. A south
erly, upslope breeze occurr ing at any t ime d u r i n g midday or into the after
noon (confirmed by data from the Nat ional Weather Service) w o u l d have 
carr ied M I T C up the canyon to D u n s m u i r . These meteorologic conditions 
are common i n mountain valleys: I n the evening and early morn ing , co ld -
air drainage occurs; i n the late morn ing , as the atmosphere is heated, it 
becomes unstable and the w i n d direct ion reverses. M I T C exposure concen
trations calculated for D u n s m u i r under these conditions depend on the t i m 
ing of onset of the southerly flow, w h i c h also affects the arr ival t ime of a ir 
borne M I T C i n D u n s m u i r . D u r i n g peak sunlight intensity, the metam 
sodium p lume was between 8 and 16 k m downstream. T h e pred ic ted M I T C 
exposure concentrations were as follows: 156 ppb , 10:30 arr ival t ime i n 
D u n s m u i r ; 89 ppb , 11:45; 59 ppb , 13:00; 35 ppb , 14:10; 21 ppb , 15:20; and 
15 ppb , 16:30. 

The midday M I T C exposure scenario descr ibed w o u l d have persisted as 
long as the southerly breeze cont inued, d u r i n g w h i c h t ime exposures ex
ceeding M I T C s irritant threshold are most l ike ly to have occurred. Another 
important feature of this scenario is that M I T C exposures i n D u n s m u i r 
w o u l d not have been strongly inf luenced by location. F o r example, expo
sures w o u l d not have been stratified over short distances from the river. 
Moreover , exposures (and symptom complaints) might have been expected 
for communit ies upstream from D u n s m u i r or even upstream from the sp i l l 
site (e.g., M t . Shasta). 

T h e highest M I T C exposure concentrations may have occurred 12-18 
m i downstream from the sp i l l w h e n sunlight had its greatest impact on me 
tam sodium decomposit ion. Individuals i n the v i c in i ty of the p l u m e at this 
t ime (i.e., emergency personnel , workers investigating or c leaning up the 
sp i l l , press people, bystanders, and residents) may have been subjected to 
m u c h higher peak exposures than D u n s m u i r residents. It is un l ike ly that 
M I T C exposure concentrations at the r iver s edge ever reached the M I T C 
odor threshold of 0.100 p p m i n D u n s m u i r , although other odorous products, 
inc lud ing H 2 S , were probably frequently detected. 

Discussion 
In this investigation, self -reported exposure was most commonly associated 
w i t h nonspecific neurologic complaints (headache and dizziness) and i r r i t a 
t ion of the eye, respiratory tract, gastrointestinal tract, and skin . Symptoms 
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i n nearly a l l cases were not severe enough to require hospitalization. O f the 
seven people hospital ized, three had exacerbation of preexist ing respiratory 
disease. Exposure effects on pregnant w o m e n are undetermined . A l t h o u g h 
study found no cases of spontaneous abortions or b i r t h abnormalit ies, the 
spi l l d i d inf luence two w o m e n to obtain a therapeutic abortion. 

O v e r 1 5 % of those l i v i n g i n the D u n s m u i r area reported health effects 
from the sp i l l . M a l e and female residents were affected similarly. However , 
o lder individuals appeared less l ike ly to report symptoms than younger 
ones. Explanations for the age differences i n symptom report ing cou ld i n 
c lude increased tolerance to irr i tant effects among older indiv iduals or dif
ferences i n the degree of exposure among different age groups; alternatively, 
o lder individuals may have been less able or w i l l i n g than younger individuals 
to seek care for their symptoms. 

F o r the l i m i t e d n u m b e r of indiv iduals for w h o m a smoking history was 
known, smokers tended to have higher ind iv idua l symptom rates and a 
higher n u m b e r of symptoms overal l . This f inding may indicate that smokers 
were more susceptible to irr i tant effects of exposure or that an unknown 
interaction exists between smoking and exposure. 

Perhaps the most unexpected f inding of the investigation was the oc
currence of symptom report ing days and even weeks after the sp i l l , w h e n 
the possibi l i ty of exposure to metam sodium breakdown products was u n 
likely. There were several anecdotal reports of individuals who left the area 
after the sp i l l , re turned w h e n M I T C concentrations were not detectable, 
and then had a recurrence of symptoms. Others reported a recurrence of 
symptoms fol lowing rainstorms two to three months after the spi l l (citizen 
testimony at communi ty meet ing , N o v e m b e r 5, 1991). 

Reasons for the later symptom reports are unclear. O u r exposure mode l 
suggests that significant exposures i n excess of the reported M I T C irritant 
threshold only were possible for D u n s m u i r residents w i t h i n the first 24 h 
after the sp i l l . Symptoms reported 1 week or more after the sp i l l d i d not 
appear to differ substantially from those reported init ial ly, except that late 
symptom reporters had a significantly higher proport ion of weakness, d iar 
rhea, cough, and rash. 

Several possible explanations exist for the late symptom reports. F i r s t , 
e i ther because of anxiety or because of an interest i n formally document ing 
their symptoms for legal purposes, many of the later medica l visits may have 
represented fol low-up visits for in i t ia l symptoms that were resolving. Sec
ond , residents may have attr ibuted to the inc ident the development of new 
health problems, w h i c h actually were unrelated to the sp i l l . T h i r d , some of 
the late symptoms could be attr ibuted to psychological trauma, s imilar to 
that seen w i t h posttraumatic stress disorder (23). Certa in ly , as a result of the 
sp i l l , area residents were subjected to numerous potential stressors, such as 
fear of unknown health effects from exposure, sudden evacuation from their 
home, and helplessness i n watching the destruction of a once- thr iv ing river, 
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w h i c h may have been their source of economic l ive l ihood . These stressors 
theoretically could manifest themselves as depression, irr i tabi l i ty , diff iculty 
concentrating, sleep disturbances, and fatigue. F o u r t h , later symptom r e 
ports could represent e i ther slowly resolving or chronic problems related to 
the sp i l l . F ina l ly , previously unrecognized or underest imated toxicologic ef
fects of metam sodium and its breakdown products or sensitization of certain 
individuals to these chemicals could exist. L o w levels of M I T C were re 
ported i n vegetation samples taken by the C D F G near D u n s m u i r as late as 
August 1991. A l though unl ikely , reexposure to metam sodium breakdown 
products weeks after the sp i l l cannot be ent ire ly discounted. 

A major l imitat ion of the study is that i t is not k n o w n w i t h certainty 
w h i c h compounds were responsible for the observed health effects, although 
toxicologic data indicates that M I T C is the most l ike ly candidate. Because 
reliable air data for the first 2 days after the sp i l l are not available, the m o d e l 
predictions could not be val idated w i t h environmental data. In addit ion , no 
chemical tests or bioassays can conf irm or quantify past M I T C exposure i n 
humans. 

Because few cases reported the characteristic horseradish odor of 
M I T C , it w o u l d appear that M I T C levels were be low the M I T C odor thresh
o ld , 100 ppb . O d o r reports suggest that hydrogen sulfide was present i n a 
concentration above its odor threshold , 1 ppb . Perhaps the stronger hydro 
gen sulfide odor masked the M I T C odor. W h e t h e r hydrogen sulfide was 
present i n concentrations h igh enough to produce irr i tat ive symptoms is not 
known. However , given that hydrogen sulfide was not expected to be p re 
sent at higher concentrations than M I T C , hydrogen sulfide is a less potent 
irr itant than M I T C , and hydrogen sulfide's irr itant threshold is almost 
10,000 times higher than its odor threshold, it appears that most symptoms 
were secondary to M I T C exposure. 

D u n s m u i r attack rates d i d not appear to be strongly stratified w i t h d is 
tance from the river. Therefore, consistent w i t h the exposure mode l ing , ex
posures exceeding M I T C s irr itant threshold are most l ike ly to have occurred 
d u r i n g the midday upslope air flow. Exposures (and symptom complaints) 
might be expected for communit ies upstream from D u n s m u i r and even for 
the sp i l l site itself, as was the case. T h e highest M I T C exposure concentra
tions may have occurred i n sparsely populated areas 12-18 m i downstream 
from the sp i l l , w h e n sunlight had its greatest impact on metam sodium 
breakdown. Individuals i n the v ic in i ty of the p l u m e at that t ime may have 
been subjected to higher peak exposures than D u n s m u i r residents. 

A n interest ing predict ion from the fate mode l is that the t i m i n g of the 
spi l l may have been cr i t i ca l i n de termin ing both h u m a n health and env i ron 
mental effects. H a d the derai lment occurred very early i n the m o r n i n g (i .e. , 
03:00) the result ing M I T C concentrations i n D u n s m u i r could have been 30-
fold higher, because the p l u m e w o u l d have reached the town w h e n M I T C 
product ion was greatest. H a d a s imilar sp i l l occurred i n the midd le of winter , 
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M I T C exposures to residents along the r iver w o u l d have been considerably 
lower, although the biological effects to L a k e Shasta might have been more 
severe. A 10 °C drop i n water temperature w o u l d slow metam sodiums 
cleavage reaction by 50%, and, more important , i n low-intensity winter sun
l ight, metam sodiums photochemical half-life w o u l d increase from 2.5 to 7.4 
h—approximately 70% of the metam sodium w o u l d have arr ived at L a k e 
Shasta. 

Conclusions 
The Cantara incident had a devastating environmental impact on the af
fected port ion of the Sacramento River. Unfortunately, the fu l l extent of 
human health effects has not been determined . Results of other fol low-up 
studies are pending . The suddenness and result ing chaos of the event made 
systematic study difficult. T h e epidemiological data i n this report is obser
vational, uncontrol led , and subject to several types of biases. Information 
was obtained from different sources. Because of the pr imary need to treat 
and triage cases, responding medica l personnel could not always obtain or 
record information for each case i n a consistently complete manner. 

A l though the investigation cannot conclude that cause and effect re la 
tionships exist between the sp i l l and reported health problems, several find
ings suggest causality. O v e r 700 individuals sought medica l attention for 
symptoms they be l ieved were related to exposure to the spi l led chemical , a 
highly significant f inding given the relatively l ow population of the area. 
Those who may have been affected but d i d not or could not seek medica l 
care were not inc luded i n this investigation. Therefore, it is l ike ly that this 
number is an underestimate of the total n u m b e r of individuals affected. A l 
though some individuals who experienced symptoms were undoubtedly 
missed by this study, the data presented should provide a reasonable est i 
mate of the range and severity of symptoms experienced. Because the data 
represent health effects reported as they occurred, the study also is less 
l ike ly than subsequent retrospective studies to be affected by recall bias. 

Symptoms were consistent w i t h exposure to irritant gases, of w h i c h 
M I T C appears most l ikely. Irr itat ion of the eyes, gastrointestinal tract, res
piratory tract, and skin occurred. Nonspeci f ic neurologic complaints, such 
as headache and dizziness, were common. Seven hospitalizations were re 
corded. N o fatalities or adverse pregnancy outcomes were observed. G e n 
der, age, and smoking status appeared to affect symptom report ing. 

Some symptoms occurred at chemical concentrations be low odor 
thresholds. In the D u n s m u i r area, exposures appeared to occur on either 
side of the r iver and at distances of up to lA m i from the river. D e t a i l e d 
information on the airborne constituents and their concentrations is not 
available. Because no fatalities and few hospitalizations occurred, it is u n 
l ike ly that h igh- leve l exposures occurred, as supported by the exposure 
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model ing . Peak exposures occurred w i t h i n 2 days after the sp i l l ; yet for u n 
known reasons, new symptoms were reported many days and weeks after 
the sp i l l . 

Appl i cat ion of a s imple metam sodium environmental fate and transport 
mode l suggests that M I T C emissions from the sp i l l were very low (e.g., 20 
kg M I T C / h ) as the metam sodium p lume passed through D u n s m u i r early in 
the morn ing of July 15. M I T C exposure concentrations were below 0.1 p p m 
and dropped off abruptly w i t h distance from the river. Sunl ight had a major 
impact on metam sodium decomposit ion, consuming about 7 5 % of the pes
ticide dur ing midday of July 15. M I T C emissions at midday were as h igh as 
560 kg /h . A southerly (upslope) breeze anytime d u r i n g the midd le of the day 
or afternoon w o u l d have produced M I T C exposure concentrations of be
tween 0.156 p p m (metam sodium p lume 8 k distant) and 0.015 p p m (plume 
16 k away). The midday exposures result ing i n this scenario w o u l d be re la 
t ively uni form i n D u n s m u i r and could account for symptom complaints u p 
stream from the spi l l site. 

The findings document that metam sodiums volatile decomposit ion 
products are irritants i n humans and supplement data on occupational ex
posure to M I T C and metam sodium. T h e symptoms seen i n D u n s m u i r res
idents are consistent w i t h exposure to M I T C vapors or to other irritant 
gases. Bo th the model ing information and the case reports on odor percep
t ion suggest that exposure concentrations to M I T C were be low 200 ppb. 
This case study demonstrates that in spite of l i m i t e d resources and by using 
medical records and questionnaires, valuable h u m a n toxicology data can be 
obtained from epidemiological studies of accidental h u m a n exposures. 
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Access to Data for Epidemiological 
Studies 
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Epidemiological research is dependent on data on exposures, health 
outcomes, and confounders (alternative causes for the specific dis
eases of interest). In addition, it often requires a means to tie these 
three entities together. This is usually achieved by means of personal 
data, such as name, birthdate, and social security number. In some 
projects, epidemiologists can gather the data they need directly from 
the study subjects; but in many projects, they must extract it from 
records developed for purposes other than health research. Various 
barriers are associated with access to these secondary sources. Some 
are related to concerns about privacy and confidentiality. Others in
volve litigation, economics, logistics, and even philosophy. This chap
ter explores the problems of data access and proposes some solutions. 

Ε P I D E M I O L O G I C A L RESEARCH IS D E P E N D E N T ON DATA: data Oil expo
sures, on health responses, and on confounders (i .e. , other causes for the 
health response of interest). To conduct meaningful work, the database must 
be relatively complete; that is, there should be l i t t le selection bias. I n ad 
d i t i on , the data must be va l id : There should be m i n i m a l misclassification of 
exposures, health responses, or confounders. I n particular, because epide
miology is a study of comparisons, there should be m i n i m a l differential mis -
classification; that is, the relative val id i ty of the data should be equivalent 
for both the exposed and the unexposed, or for both the diseased cases and 
the healthy controls. 

Observational researchers must deal w i t h biases w i t h w h i c h most ex
perimentalists have l i tt le experience. H u m a n s are not exposed to one agent 
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at a t ime at some predetermined control led l eve l , but rather to a mul t i tude 
of agents simultaneously i n an often i l l -de f ined fashion. In t ry ing to under 
stand the potential impact of one agent on h u m a n health, the effects of o th 
ers (confounding variables that confuse the interpretations) must be ad 
dressed. Similarly , the pressures that lead to inc lus ion i n any given study by 
both cases and controls (selection) must be understood and control led i n 
study design, analysis, or interpretation. F ina l ly , methods of classification or 
measurement not only must be va l id ; they must be consistent, or misclas-
si f ication—particularly differential misc lassi f icat ion—wil l result. A n y of 
these biases can have a significant impact on the calculated risk estimates 
and consequently on the interpretations that are der ived from them. 

I n some research, epidemiologists have the luxury of gathering data d i 
rectly from the study subjects v ia questionnaires, col lection and analysis of 
b lood or ur ine , or tests of physiological function. They can design the co l 
lect ion procedures to gather a sufficient amount of data and to manage a l l 
the phases of data quality. 

However , most environmental and occupational epidemiologists must 
use secondary sources of data that are extracted from records developed by 
others for reasons unrelated to human health research. F o r example, the 
data may come from death certificates, outpatient medica l records, person
n e l files, residential directories, tax records, industr ia l hygiene reports, sales 
receipts, or process descriptions. F u r t h e r m o r e , even i f the data are va l id , 
occupational and environmental epidemiologists must gain access to it . 

G a i n i n g access can be difficult. In some cases, the logistics for obtaining 
data are extremely cumbersome. In other cases, administrative barriers are 
based on privacy and confidentiality. Pr ivacy of the ind iv idua l and conf iden
tiality of data are both extremely important issues i n our society. Yet e p i 
demiology, by its very nature, requires invasion of privacy and compromise 
of confidentiality. Near ly every epidemiological study involves a dynamic 
conflict that must be resolved. 

This paper touches on val id i ty but focuses pr imar i l y on access—in par
ticular, the barriers to access. It also summarizes steps be ing taken i n both 
the pub l i c and private sectors to overcome these barriers and thereby to 
facilitate the more effective and efficient development of epidemiological 
information. 

There are differences among data, information, and knowledge. K n o w l 
edge is appl ied information and information is analyzed data. However , it 
does not follow that any and a l l data, even i f va l id , can be converted to va l id 
information. H o w data are col lected, their focus, and the ir r igor are a l l i m 
portant components that are a l l too often overlooked. 

F o r example, about 5 years ago in A l b e r t a , Canada, an evaluation of 
populat ion health statistics identi f ied an a larming and abrupt 5 0 % increase 
i n cancer rates. F o r about 2 months, this was headl ine news w i t h various 
allegations about the risks be ing associated w i t h life-style factors, or waste 
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dumps , or o i l products—al l the standard concerns (1). Eventual ly , it was 
revealed that the cancer rates had been miscalculated (2). 

Cancer rates are s imply the number of people (the numerator) i n a g iven 
population (the denominator) who develop cancer. To make any sense, the 
numerator must be a subset of the denominator. I n this situation, the n u 
merator of the cancer rates, the n u m b e r of cases, had been obtained from 
F o r t Saskatchewan as w e l l as the surrounding county both before and after 
the so-called cancer epidemic ; however, the denominator data, the n u m b e r 
of people i n the population under study, had been de termined i n two dif
ferent ways. Because of a change i n the pol i t ical boundaries halfway through 
the study per iod , i n the "before" calculation the n u m b e r had inc luded those 
who l i ved in F o r t Saskatchewan and the surrounding county. In the "after" 
calculation, it had inc luded only those i n the county. The " e p i d e m i c " was 
not a result of an increase i n cancer. It was s imply a result of using data 
inappropriately, i n this case data that were quite va l id w h e n analyzed on an 
e lement-by-e lement basis. 

This part icular mistake obviously tr iggered and reinforced the pub l i c s 
chemophobia. O n e has to ask how many other "cancer ep idemics" have been 
a result of s imilar unintent ional , or perhaps even intent ional , misuses of 
va l id data? 

Obviously , epidemiologists need va l id data i n order to do meaningful 
environmental health research. These data often come from different 
sources, each w i t h its own idiosyncrasies. I f investigators are not direct ly 
invo lved w i t h the pr imary data col lect ion, they must be aware of these dif
ferences and adjust for them i n study design, analysis, or interpretat ion. 
E v e n i f data are k n o w n to be va l id , epidemiologists must have access to 
those data for analysis. 

Epidemiologists must have access to a lot of data, because epidemiology, 
as a scientific tool , tends to be a b lunt instrument . In aggregate, it can be 
highly accurate, but it is usually not very precise. Therefore, interpretations 
of cause and effect i n epidemiology depend more on the consistency of re 
sults across mul t ip le studies than on the presence or absence of statistical 
significance or the statistical power of one study. To use the analogy of target 
shooting, the results of ind iv idua l studies tend to scatter l ike pellets of buck
shot. W h a t is important is the pattern of results of mul t ip l e studies and not 
necessarily the findings of any single study. 

F u r t h e r compl icat ing the picture is the fact that m u c h epidemiological 
research is a hypothesis-generating exercise. T h e data are explored to i d e n 
tify clues that need further investigation. Data are cu l l ed to determine the 
possible. However , more research usually must be done to identify the 
h ighly probable. D u r i n g the in i t ia l stages, it may be expedient to identify a 
plethora of associations to be probed further. D u r i n g subsequent stages, it 
is more important to focus, to test hypotheses, and thereby to develop a 
smaller body of information that e ither suggests real cause and effect or con-
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versely, i f insufficiently compel l ing evidence of a causal association, suggests 
that further work should cease and resources should be reallocated to an 
other issue. 

Paradoxically, at the same t ime our society is demanding answers to an 
ever- increasing array of complex health concerns, it is becoming more dif
ficult to gain access to the data needed to develop the information requ i red 
to address these concerns. Too many of these barriers are of a regulatory or 
legal nature. 

Study Group 
I n surveying the basic types of data, the epidemiologist must first decide 
what ^roup should be studied. This requires answers to the fol lowing ques
tions: H o w should they be identif ied? W h a t comparison group should be 
used? W h a t are the sources of data? 

In the occupational setting, it is possible to use personnel lists, work 
histories, department assignments, and the l ike to develop registries of a l l 
the individuals ever employed . To ensure that some block of former e m 
ployees is not missing from the master registry, it can be cross-checked w i t h 
the Social Security Admin is t rat i ons 941 files (3). T h e 941 files provide an 
annual quarter-by-quarter summary of al l those for w h o m the company has 
made a contr ibut ion. However , these sources give data only on whether and 
w h e n someone was employed by a particular company. I f the company has 
mul t ip le product ion l ines, they provide no indicat ion of what the employees 
d i d at the company or their potentials for exposure. Add i t i ona l data re 
sources are therefore needed. 

In communi ty epidemiology, the prob lem is even more complex. It has 
been estimated that at least 4 m i l l i o n people i n the U n i t e d States l ive w i t h i n 
a mi le of one of 725 hazardous waste sites on the E n v i r o n m e n t a l Protect ion 
Agency's Nat ional Pr ior i ty L i s t (4). In theory, it is possible to develop a 
registry of who lives where by going to the property tax rolls ; but these may 
list the names of absentee landlords and not inc lude the names of the res i 
dent tenants. Alternatively , one could use telephone directories, but not 
everyone has a telephone. O n e cou ld go house to house and gather names, 
but this is a very labor-intensive endeavor and st i l l may not identify every
one. F o r example, some communit ies i n Cal i f orn ia contain a n u m b e r of i l 
legal aliens. These people are reluctant to participate i n data-gathering ex
ercises, especially i f they must give their names to a government agency. 

T h e issue is further complicated by the fact that the focus of the health 
research may be a chronic disease such as cancer i n w h i c h a t ime lag of years 
or decades can occur between the exposure and the c l in ica l identif ication of 
the cancer. In developing the list of those in a study of chronic disease, the 
epidemiologist is less interested i n who is exposed current ly than i n who was 
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exposed historically. Unfortunately, the populat ion of the U n i t e d States is 
h ighly mobi le . It has been estimated that more than 10% of the populat ion 
change their zip-codes every year. F i n d i n g people can be an exercise i n 
"shoe- leather" epidemiology. 

G o i n g back to the occupational setting and g iven a list of the ever-
employed exists, the next p rob l em is de termin ing the sublist of a l l who were 
ever exposed. Sometimes it is possible to develop these lists (perhaps even 
to the extent of def ining those w i t h low, m e d i u m , and h igh potential for 
exposure) by cross-referencing department lists w i t h job descriptions, pro 
cess information, and industr ia l hygiene reports. However , this presumes 
that such information has been gathered and furthermore retained. I n the 
U n i t e d States, business tends to focus on current survival or future p l a n 
ning . Retent ion and administration of historical records is expensive. In 
these times of "downs iz ing" , records that serve no obvious business function 
are destroyed. 

W h e n E u l a B ingham was the head of the Occupat ional Safety and 
H e a l t h Adminis t rat ion ( O S H A ) , this p r o b l e m was brought to her attention. 
She mandated that certain records be retained for a per i od of 30 years after 
employment (5). This pol icy seemed to ensure that data w o u l d be available 
to the Nat ional Institute for Occupat ional Safety and H e a l t h ( N I O S H ) , the 
agency charged w i t h do ing industr ia l epidemiological studies. Some think 
the regulation fel l short of the mark. Because it tacitly promoted the destruc
t ion of postemployment records older than 30 years, those w i t h shorter 
terms of employment and therefore shorter durations of exposure were e l i m 
inated from long-term chronic disease studies. As a consequence, the e p i 
demiologists* abi l i ty to explore the important d imens ion of dose-response 
was restricted. I n support of epidemiological research, some companies 
have developed the pol icy of keep ing records for 75 years from date of first 
employment ( D o w C h e m i c a l , personal communication) . F o r long-term e m 
ployees, the O S H A regulation and the D o w C h e m i c a l pol icy have basically 
the same effect. However , for shorter-term employees, the D o w C h e m i c a l 
pol icy ensures that more useful data are available. 

Exposures 
N o study of cause and effect can be complete without some i m p l i e d or ex
pl i c i t estimate of exposures. I n the occupational setting, epidemiologists re ly 
heavi ly on integrating work histories, process records, and industr ia l h y 
giene reports. T h e first two al low the specific determinat ion of who were 
l ike ly exposed to what (the agents of exposure) and w h e n this was l ike ly to 
have occurred. T h e t h i r d , the industr ia l hygiene records, provide an idea of 
the levels of exposure. Unfortunately, the industr ia l hygiene records must 
be used w i t h some caution, because m u c h of the data is col lected for c om-
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pliance purposes. Aga in , a regulation promulgated for purposes of pub l i c 
health garbles the intent. B y law, mandated industr ial -hygiene measure
ments must be taken without regard to the use of personal protective equ ip 
ment. In other words, two employees standing side by side, one i n a self-
contained "moon suit" and the other i n street clothes, must by law have the 
same leve l of exposure recorded. Compl iance -or iented industr ia l hygiene 
provides measures of potential exposure, not of actual exposure. To obtain a 
measure of actual exposure, to avoid the problems of interpretat ion, and to 
convert industrial -hygiene data to industr ial -hygiene information that is use
fu l for epidemiological research, a knowledgeable industr ia l hygienist must 
actively participate i n the project. O f course, this ind iv idua l s part ic ipation 
must be done i n a fashion that min imizes differential misclassification, but 
that usually can be handled by a wel l -des igned protocol . 

M o s t industrial -hygiene measurements are of the environment , not the 
biological entity. T h e y do not measure what enters the worker s body or 
what enters the l ike ly organ of concern. In the future, data gathered b y 
b iomonitor ing techniques may prove useful i n addressing this shortcoming. 

In spite of the l imitations, exposure measures i n the industr ia l sector 
can be extremely useful, but only i f they are gathered w i t h epidemiology i n 
m i n d . In contrast, the exposure measures i n communi ty epidemiology can 
be nebulous. T h e exposure measures may be mode led i n some statistical 
fashion, or degree of exposure may be de termined by distance from the site 
but without consideration for major variables such as topographical features, 
w i n d direct ion, or hydrology. 

In many situations, the exposures are def ined by the study participants 
themselves v ia a questionnaire. Th is approach can be fraught w i t h problems. 
F o r example, do you remember what you had for lunch three weeks ago; do 
you remember what chemicals you used i n college? O n the other hand , i f 
you were to ld that work ing w i t h a certain chemical w o u l d l ike ly cause a 
painful death i n the future unless you immediate ly rece ived an antidote, 
might you not try to recal l whether or not you had used the chemical? Se
lective r emember ing is referred to as recal l bias. Exposure data gathered by 
questionnaire are part icularly subject to it . F u r t h e r m o r e , i f the situation is 
part icularly controversial , there may be differential recal l bias whereby 
those w i t h problems do a better job of r e m e m b e r i n g their past exposures 
than do those i n the comparison group. T h e result is gross overestimates of 
risk. 

A n u m b e r of epidemiological studies have attempted to use self-report
ing of exposures. B o n d et a l . (6) investigated this practice and found it to be 
of questionable validity. F o r example, the abi l i ty to recal l one s usual and 
customary job, the most common job he ld d u r i n g the t ime of employment , 
var ied from 40 to 100%, but the abi l i ty to recal l specific chemicals used i n 
these jobs went down to single-digit percentages. T h e opportunit ies for 
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underest imating risk i f nondifferential recal l exists or for grossly overesti 
mating risk i f differential recal l exists are enormous. 

Because rigorous exposure data on industr ia l cohorts are not readi ly 
available, especially to researchers outside the private sector, a recent effort 
has been made to computerize the occupational information on death certif
icates. A n evaluation of the ut i l i ty of this approach to document ing exposures 
has y ie lded most discouraging results (7). A t best, this information might be 
used on a l i m i t e d basis to generate hypotheses, but it has no ut i l i ty for test
ing hypotheses. F u r t h e r m o r e , such exercises lead to two other problems: 
(1) These types of studies are often given more credence than they deserve; 
(2) they often develop hypotheses that cannot be tested. Some think that i f 
more rigorous data are not available, this approach should not be used; i f 
more rigorous data are available, this approach may not be needed. 

Confounders 
In s impl i f ied terms, epidemiologists must evaluate the relationship between 
exposure and health response whi l e simultaneously taking into consideration 
the impact of confounding variables, the alternative exposures that might 
cause the same health response. F o r example, i f a study were be ing done of 
the potential association between chemical X and l u n g cancer, it w o u l d be 
necessary to consider the smoking habits of those be ing studied. I f not, any 
statistical association between chemical X and lung cancer might be con
founded, or confused, by smoking. 

A confounder has both a biological and a statistical d imension . F i r s t , it 
must be an alternative cause for the health outcome under study; that is, it 
may be a confounder in any study of that health outcome. Second, it is a 
confounder only i f it is unequal ly d is tr ibuted i n that part icular study. T h e r e 
fore, whether or not it is a confounder is study-specific. F u r t h e r m o r e , 
whether the distr ibut ion is unequal i n a meaningful fashion is often a value 
judgement. M a k i n g those determinations is part of the art of epidemiology. 
Stated another way, a confounder is just another type of exposure, but one 
that is confusing or confounding the interpretations of the possible associa
tions of interest. Confounders have a l l of the problems and l imitations that 
have been enumerated for exposures, and some others. 

In the occupational setting, the exposures of interest can be monitored 
by the industry i n some reasonable fashion. However , the confounders can 
be exposures that take place outside the work environment , such as smok
ing , d r ink ing , sexual habits, or using i l l i c i t drugs. It may be difficult to obtain 
data on these confounders. In the communi ty setting, any effort to get i n 
formation on either exposures or confounders can be even more complicated 
and usually has to be done de nova. Irrespective of whether the ep idemio l 
ogy is per formed i n the industr ia l sector or i n the community , there must 
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be some forethought about what might be a confounder to ensure gathering 
the proper data. 

Health Outcomes 
The t h i r d type of data involves health responses. M a n y occupational medica l 
departments gather c l in ica l health data on active employees v ia automated 
mult iphasic health testing. I n addit ion, most companies of any size have 
health insurance for active employees and retirees. A smaller n u m b e r have 
set up surveil lance programs based on mortal i ty data. Problems related to 
access and val idity can occur, irrespective of source. 

F o r example, the mult iphasic c l in ica l data usually are col lected only on 
active employees who choose to participate. N o t only does this mean data 
on former employees are not available, possibly introduc ing a selection bias, 
but among those to w h o m the examinations are available, there may be an 
addit ional issue of self -selection—but selection i n w h i c h direct ion? A r e those 
w i t h concerns about their health selecting themselves into the process to 
obtain more information so that they can make reasoned life decisions about 
diet , exercise, or smoking? A r e they avoiding the company-sponsored health 
examinations because they are concerned that identif ication of a health prob 
l e m might cause them to lose their jobs? 

Insurance records can provide data on incidence of disease but only for 
those enro l led i n the program, usually some subset of the active employees 
and retirees. Insurance records do not provide data on employees not e n 
ro l led or on those who have left the company. N o r do they provide data of 
uni form quality. Insurance records are economic instruments. They provide 
a " t r igger " for the payment of health care providers . T h e y are not p r imar i l y 
designed for epidemiological research. 

To surmount the l imitations of the health insurance records, some i n 
dustrial epidemiologists have used them as triggers to set up disease-specific 
registries (8). A c la im for cancer, for example, triggers a communicat ion to 
the health care prov ider to produce more information. In some situations, 
it has been possible to develop procedures i n conjunction w i t h hospital t u 
mor registries to acquire the sophisticated data. However , i n other situa
tions, hospitals have refused to share any information, even w h e n the e p i 
demiologists have had signed releases from the patient (Dow C h e m i c a l , 
personal communication) . 

W e suspect that the refusals are prompted by three things: (1) It is i n 
convenient for the hospitals to cooperate. In many hospitals, the retention 
of records is not an orderly process, especially for the files from many years 
ago. A n y effort on the hospitals part to f ind these records and selectively 
extract the information requested can be an expensive operation. (2) A m o n g 
better-organized hospitals, many s imply destroy any inactive records that 
are over 7 years o ld . (3) Hospitals are concerned about the potential l iab i l i ty 
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associated w i t h sharing data. It is easier for them s imply to refuse to coop
erate. It w o u l d be helpful i f procedures were imp lemented to al low re 
searchers improved access to hospital records, perhaps by expl ic i t ly ex
empt ing hospitals from l iabi l i ty associated w i t h breach of privacy i f they 
share data w i t h professional epidemiologists per forming health research. 

In selected sites, it has been possible to negotiate collaborative research 
w i t h state tumor registries (9). This has al lowed access to sophisticated 
tumor- incidence data on both active and former employees, or at least on 
those st i l l l i v i n g i n the catchment area of the registry. It w o u l d be useful i f 
t ru ly national tumor registries were developed a.nd were available to e p i 
demiologists, perhaps w i t h access procedures based on acceptable protocols. 

M u c h of the work of industr ia l epidemiologists has invo lved mortal i ty 
as the outcome of interest. T h e y have used both the Social Security A d m i n 
istration (SSA) and the Nat ional D e a t h Index ( N D I ) to determine who is 
alive and who is dead. Unfortunately, the S S A has lately chosen to reduce 
severely their epidemiological research support activities (10). I n years past, 
it was possible to obtain information from the S S A that w o u l d place former 
employees i n three basic groups: l i v ing , dead, and lost to fol low-up. R e 
sources could then be allocated to f inding the death certificates for the de
ceased and to tracking down those lost to fol low-up i n order to determine 
their v i ta l status. The S S A now provides only two basic categories: dead and 
lost to fol low-up (which includes a l l the l i v i n g and t ru ly lost to follow-up). 
As a consequence, more resources are needed to determine the v i ta l status, 
and a major inefficiency has been introduced into the system. 

In theory, the N D I , a function w i t h i n the Nat ional C e n t e r for H e a l t h 
Statistics, is specifically designed to support epidemiological research. A l 
though the service this government agency provides is superb, unfortu
nately it is somewhat constrained i n both its t ime frame and charter, w h i c h 
constrains its use for chronic-disease research (11). A t present, the N D I has 
data from as early as 1979. F o r data before that t ime , it is necessary to query 
the S S A records for clues as to who is dead and the state i n w h i c h the death 
occurred. 

E v e n w h e n the S S A was prov id ing more complete disclosure, the data 
were incomplete . Information on the state i n w h i c h the last f inancial trans
action took place was given. However , the state of last f inancial transaction 
is not necessarily the state i n w h i c h the death certificate is stored. After a 
person dies i n N o r t h Dakota , the next of k i n could process the forms i n 
M i c h i g a n . T h e S S A records w o u l d suggest the death certificate should be 
obtained from M i c h i g a n . However , any query placed there w o u l d obviously 
fai l , and other search strategies w o u l d have to be used. F o r those employed 
i n the northern states, the next step often w o u l d be to query a n u m b e r of 
other states, for example, the " s n o w b i r d " states l ike F l o r i d a and Texas, states 
to w h i c h retirees travel d u r i n g the winter. Tracking down the records can 
be a t ime-consuming process. In this example, however, even that strategy 
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w o u l d fa i l , and a laborious state-by-state search w o u l d be necessary. To he lp 
streamline this process, it w o u l d be he lpful i f information could be made 
available, perhaps through the N D I , to a l l epidemiologists, perhaps i n d i 
rectly from the Internal Revenue Service records, as it is to N I O S H . It also 
w o u l d be helpful i f the N D I could change its current l i m i t of 1979 to at least 
another 10 years earlier. In this age of cancer phobia and interest i n other 
diseases of long latency, 10-15 years is too short a t ime span. 

O f course, whether the investigators use data from the S S A or the N D I , 
they st i l l have to go back to the states for copies of the death certificates. 
Some states, such as Texas and M i c h i g a n , are a joy to work w i t h . Others 
have been quite the opposite. 

F o r example, to obtain a death certificate from the state of South C a 
rol ina it has been necessary to sign a "warranty of confidential ity" , w h i c h 
said among other things that the pr imary investigator and his or her heirs 
were fully l iable for any damage caused by improper use of the data, whether 
such improper use resulted from their own actions or from the actions of any 
person or inst itution obtaining access to the data (State of South Caro l ina , 
personal communication). 

In South Caro l ina , an industr ial epidemiologist was not al lowed to sign 
as an agent for the company. T h e researcher was to be personally responsi 
ble . I f a court requ ired sharing the death certificate w i t h the plaint i f fs law
yers and they misused the data, the epidemiologist could be h e l d f inancially 
responsible. In fact, a l iberal interpretation w o u l d suggest that i f the state 
of South Caro l ina misused the data after the death certificate had been pro 
v ided to an outside researcher, the epidemiologist could be h e l d f inancially 
responsible. Needless to say, this release form posed a significant barr ier to 
access. 

In occupational and environmental epidemiology, it is often important 
to do the research quickly i n order to place into perspective a h ighly emo
tional situation. Various companies have set up registries designed to al low 
quality studies to be done quickly. However , some states have policies that 
specifically prevent that from happening. F o r example, Pennsylvania re 
quires a separate application and wr i t ten approval each and every t ime a 
study uses Pennsylvania data (State of Pennsylvania , personal communica 
tion), even i f new data are not be ing requested. A l though this pol icy is rea
sonable, it is st i l l one more imped iment to be addressed before the research 
can proceed. 

In some situations, it is necessary to obtain approval from an Inst i tu 
t ional Rev iew Board (IRB) before the information on the death certificate 
can be used to contact the attending physic ian or the next of k i n to get 
addit ional information. T h e prob l em is that the I R B must be approved by 
the Nat ional Institutes of H e a l t h ( N I H ) . This seems to be a reasonable re 
quirement , but it contains a "catch-22". A n industry-based I R B can conform 
to al l the recommendations of the N I H but st i l l be unable to obtain N I H 
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approval because the institute w i l l certify only research organizations that 
receive N I H funds. I f a research group is self-sufficient and does not want 
to complete al l the paperwork necessary to obtain such funds, it cannot re 
ceive N I H approval . 

It has been argued that these procedures are needed for social reasons, 
that is, to protect the privacy of the i n d i v i d u a l and that of the next of k i n . 
T h e paradox is that i n most states, death certificates are pub l i c documents, 
available to anyone who walks i n off the street, as long as the documents are 
requested one at a t ime. O r d e r i n g more than one for health research triggers 
a series of t ime-consuming procedures, w h i c h often do not appear i n any 
regulations or wr i t ten department policies. 

F o r example, i n a situation invo lv ing access to copies of nine death cer
tificates, the state of N e w Jersey requ i red a protocol . T h e requirement of a 
protocol is reasonable, because among other things, it ensures that proce
dures w i l l be i n place to protect against any undue invasion of privacy. H o w 
ever, the N e w Jersey bureau specifically requ i red that the protocol has to 
be rev iewed and approved by a union . In this particular situation, eight of 
the nine people had been salaried employees, and the n in th had ret i red 
before the current un ion became certi f ied. Thus , none of the n ine were 
" represented" by the union . 

W e w o u l d l ike to see the whole process streamlined. F o r example, it 
w o u l d be more efficient i f access to death certificates for research purposes 
was under the control of N D I . Perhaps this could be accomplished, even to 
the extent of prov id ing the death certificate and the assigned nosology 
codes, the unique numer ica l codes for each specific cause of death as def ined 
in the International Classification of Diseases. To financially support the 
data-gathering effort, some fee should be sent back to the originating states, 
but this could be part of the N D f s charges for the service. 

Discussion and Conclusion 
A n u m b e r of regulations and related government agencies have been deve l 
oped w i t h the intent of i m p r o v i n g the information that is available for rea
soned decisions about h u m a n health and the environment . In theory these 
regulations are good, but i n practice they often are subverted. T h e Toxic 
Substances C o n t r o l Ac t (12) is an example. It contains what some consider 
"gotcha" legislative requirements . T h e legislation does not require industry 
to do epidemiological research. However , i f research is conducted, the l eg 
islation effectively forces an overinterpretation of the data under some se
vere t ime constraints. 

F u r t h e m o r e , the regulations or their interpretations change over t ime 
(13). Industry epidemiologists recently have been requ i red to go back and 
report , under the pressure of new government interpretations, findings that 
had been publ i shed i n the open scientific l i terature more than 10 years pre -
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viously w i t h each report invo lv ing a fine of up to $15,000 and a cap of $1 
m i l l i o n . U n d e r such pressures, it should be no surprise that many companies 
are reluctant to set up epidemiological programs. 

O n e other imped iment to epidemiological research is the l i t igation pro 
cess and the role plaintif f lawyers play i n it . It is the impression of many i n 
the scientific community that w h e n a situation becomes controversial , p l a i n 
tiff lawyers are close at hand. They disrupt the research process i n one of 
two ways. F i r s t , i f the attorneys debr ie f their clients before they are con
tacted by the epidemiologists, they exacerbate the recal l bias, w h i c h leads 
to overestimates of risk. This has been labeled as the " l i t igat ion bias" (14). 
Second, some also have the impression that plainti f f attorneys frequently 
find it easier to argue their case on the basis of allegation, innuendo , and 
vague hypotheses rather than facts, at least facts as scientists understand 
them (15). A t t imes, it appears that lawyers advise their cl ients not to co
operate i n any study that might develop information pre judic ia l to their case 
(that w o u l d support the lack of cause and effect). W i t h i n the ethics of the 
legal profession, this may be a reasonable posit ion. Epidemiologists f ind it 
offensive. 

It is also troublesome because decisions seem to be made about complex 
scientific issues by a process that does not seem to place great emphasis on 
scientific analysis. A t a recent legal sympos ium, one attorney even argued 
that science has no place i n a court of law (16). The social implications of 
this posit ion are enormous. F o r example, some pharmaceutical companies 
have refused to market efficacious drugs, because the potential cost of de
fense against l i t igation, often specious l i t igation, is greater than the ant ic i 
pated profit of the product. To he lp introduce more objective science into 
the legal process, the C h e m i c a l Manufacturers Association ( C M A ) has sup
ported course work at the Nat ional Judic ia l Co l lege designed to teach judges 
about the proper role of science i n the courtroom. 

It may sound as i f we are arguing that it is impossible to conduct occu
pational and environmental health research. That is not our intent. In most 
cases, it is possible to f ind ways to overcome these obstacles, but they can 
be very t ime-consuming and resource-draining. 

M a n y health researchers think it is important to make better informa
t ion available more rapidly so that better decisions can be made w i t h i n a 
reasonable amount of t ime. T h e Agency for Toxic Substances and Disease 
Registries has been set up to address this issue on a communi ty basis (17). 
Gather ing the necessary data and convert ing these data to useful information 
constitute an awesome responsibi l i ty that A T S D R researchers w i l l need he lp 
to accomplish. 

In the private sector, a n u m b e r of companies have set up in-house e p i 
demiological research units. However , obviously many more units are 
needed to b u i l d the body of available va l id data to a size sufficient to address 
the important questions from the perspective of the consistency of study 
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results. F o r this reason the C M A established a pi lot project cal led the E p i 
demiology Resource and Information C e n t e r ( E R I C ) (18). This group is de
ve loping and pub l i sh ing a series of monographs designed to make it easier 
for ind iv idua l companies to develop in-house expertise. 

O n e of these monographs is the Occupational Epidemiology Resource 
Manual (19). It provides an overview for the nonepidemiologist manager, 
and some practical tips for professionals interested i n beg inning or expand
ing a program i n industry. A t least one graduate school, the Univers i ty of 
Massachusetts at Amhers t , is us ing it as a resource manual . It should also 
prove useful to consultants and government research organizations. Another 
monograph is the Guidelines for Good Epidemiology Practices for Occupa
tional and Environmental Epidemiologic Research. These G o o d E p i d e m i o l 
ogy Practices ( G E P s ) are to epidemiology what the G o o d Laboratory Prac
tices, the G L P s , are to toxicology. B o t h of these C M A documents are 
available to anyone who is interested, and the G E P s have been pub l i shed 
(20). 

Most of the epidemiologists who work fu l l t ime i n industry, at least those 
i n the petro leum and chemical industries , be long to a group cal led the I n 
dustrial Ep idemio logy F o r u m ( I E F ) . This group also has pub l i shed a series 
of monographs. The most recent, developed i n conjunction w i t h T o m B e a u -
champ (a bioethicist at the Georgetown Univers i ty Institute of Ethics ) , has 
been incorporated into the proceedings of an I E F conference cal led " E t h i c s 
i n Ep idemio l ogy " , w h i c h was pub l i shed as a supplement to the Journal of 
Clinical Epidemiology (21). It specifies i n some detai l the obligations e p i 
demiologists have to subjects, society, funders and employers , and co l 
leagues. 

In summary, a n u m b e r of problems confront occupational and env i ron 
mental epidemiologists as they strive to develop meaningful information 
about the potential health effects associated w i t h exposures to toxic c h e m i 
cals. Some of these problems are related to issues of validity, and many more 
involve data access. Paradoxically, society is demanding more information 
whi l e , albeit sometimes indirect ly , prevent ing ready access to the very data 
needed to develop this information. Epidemiolog ists have found ways of ac
compl ish ing their work i n spite of the system; however, it w o u l d be helpful 
i f the system were modi f ied to make access to va l id data more t ime - and 
resource-efficient. 
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17 
The Successes and Failures 
of Environmental Epidemiology 

Raymond Richard Neutra 

Environmental Health Investigations Branch, California Department of Health 
Services, 5900 Hollis Street, Suite E, Emeryville, CA 94608 

Environmental epidemiologists and analytical chemists increasingly 
find themselves in a sort of intercultural marriage. They make an 
odd couple but an effective one. A review is presented on how the 
instincts and training of the two disciplines differ and why so much 
of the practice of environmental epidemiology may seem counterin
tuitive to a chemist. The successes of environmental epidemiology can 
come from discovering a hazard, its effective dose, or the environ
mental conditions that deliver it to susceptible populations. Another 
kind of success is showing that a particular dose and route of expo
sure do not seem to explain a disease outbreak. Examples of both 
kinds of successes are given, and the conditions that promise each are 
discussed. It is argued that despite the overreaction of the media to 
individual studies, epidemiology rarely leads to false-positive results 
in the regulatory process. However, epidemiology often fails to iden
tify hazards, particularly if they convey less than a 1.5-fold relative 
risk. 

CHEMISTRY IS THE QUINTESSENTIAL EXPERIMENTAL DISCIPLINE, where 
as epidemiology only observes the natural w o r l d and can control nothing. 
Chemists are reductionists who try to understand phenomena i n the s i m 
plest terms i n systems that are isolated from external influences. E p i d e 
miologists watch the w o r l d as it is and accept the interplay of numerous 
factors in f luenc ing phenomena they are t ry ing to study ( 1 ). Chemists can 
see subtle changes w i t h concentrations at the part per t r i l l i on l eve l , whereas 
epidemiologists can see only the inf luence of factors that cause a 1.5-fold or 
higher change i n the diseases they study. Chemis ts , because they are ex
perimentalists , are perfectionists and attempt to control a l l external factors 
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© 1994 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ch
01

7

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



246 E N V I R O N M E N T A L E P I D E M I O L O G Y 

to the greatest possible degree. Epidemio log ists have no hope of contro l l ing 
anything; they s imply must learn to outsmart nature and to find c lever ways 
to negotiate the inherent messiness of the problems w i t h w h i c h they are 
dealing. Chemists make the greatest effort to measure everyth ing that is 
relevant to their experiments. Epidemiolog ists assume that many unmeas
ured factors are at work and are satisfied w i t h s imply bracket ing the l ike ly 
magnitude of these unseen effects. Chemists have their own theory and 
method , whereas epidemiologists re ly on the theory of biology, use the sta
tistical method, and apply the methods to a variety of disease problems as 
they arise. 

It is no wonder that the chemist asks the epidemiologist , " H o w can you 
possibly use such an inexact nonexper imental science that has so l i t t le 
un ique theory to dr ive environmental policy, w h i c h is targeted to he lp fu l 
chemicals that I synthesize or use?" This chapter discusses the successes and 
failures of environmental epidemiology, beg inning w i t h the successes. 

W h a t do epidemiologists mean by success? O n e k i n d of success is a 
" true-pos i t ive" finding. I n this instance, a h u m a n health risk is associated 
w i t h a certain dose range of a chemical rece ived by way of an existing route 
of environmental exposure; epidemiologists, w i t h the he lp of support ing sc i 
entists, (1) detect that hazard, (2) identify the dose that is hazardous, and (3) 
f ind the exposure route by w h i c h that k i n d of dose actually reaches people . 
A n example of this w o u l d be the events i n Cal i f orn ia of Ju ly 4, 1985. Reports 
of three individuals who developed vomi t ing and diarrhea w i t h i n hal f an 
hour of eating a watermelon l e d to a f lurry of telephone calls to emergency 
rooms around the state and to the realization that the pesticide aldicarb had 
been i l legal ly used at a ranch growing watermelons. This agent had traveled 
up the root of the watermelon into the fruit and achieved a dose sufficient 
to produce this i l lness. T h e hazard was identi f ied , the dose l eve l was brack
eted w i t h the he lp of analytical chemists, and , after serious detective work, 
the route of exposure was determined . E a r l y detection of addit ional cases, 
by means of calls to emergency rooms around the state, l e d to pub l i c w a r n 
ings and to the ban of watermelon sales, w h i c h curta i led what w o u l d have 
been a widespread ep idemic of poisonings (2). 

Another k i n d of success w o u l d be the demonstration of a " true-negat ive" 
result. In this case, no actual h u m a n health risk from a chemica l i n a part ic 
ular dosage and exposure route existed. Epidemio log ists and support ing sc i 
entists, after careful study, do not find any excess risk from that exposure and 
that dose. Epidemiologists do not provide generic exoneration of an agent, be
cause they always study the agent i n a particular real-life situation, which may 
not be relevant to another situation. A n example of a true-negative result 
w o u l d be our study of an episode of wel l -water contamination w i t h t r i -
chlorethane (TCA) (3). W e showed that a c luster of miscarriages and b i r t h 
defects reported i n a neighborhood near a leaking underground tank cou ld 
not be caused by that leak, because another neighborhood w i t h more con-
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tamination had not experienced an increased risk and because w i t h i n the 
" c luster " neighborhood miscarriages and b i r t h defects had not occurred at 
the homes using the most contaminated water (4). Thus , T C A at close to 1 
p p m i n water was not associated w i t h miscarriages or b i r t h defects. This does 
not mean that T C A at higher doses w o u l d not pose a hazard. 

Ep idemio logy has worked successfully under the fo l lowing four condi 
tions: 

1. W h e n a sudden chemical exposure i n w h i c h an illness is pro 
duced w i t h i n a very short t ime occurs, such as i n the clearly 
documented tragedy at Bhopa l i n India , where deaths and 
severe illness resulted from a chemical explosion (5). Ano ther 
example is the watermelon episode discussed earlier (2). 

2. W h e n under typical conditions and i n very short periods of 
t ime, a researcher can correlate a change i n a physiological 
function to the change i n an environmental pollutant. A n ex
ample w o u l d be the study of asthmatic school ch i ldren at s u m 
mer camps i n areas where it can be documented that as the 
air po l lut ion from ozone fluctuates, bronchoconstrict ion also 
fluctuates (6). 

3 . W h e n an association has been made between long-term ex
posures and long-term functional effects. T h e most famous ex
ample is the demonstration that exposure to fairly low levels 
of lead, as judged from the accumulation of lead i n the teeth, 
is associated w i t h poor performance on standard psychological 
tests (7). 

4. W h e n occupational studies have l i n k e d relatively h igh levels 
of chemical exposure to the incidences of cancer i n workers. 
T h e i r results have been extrapolated downward to the lower 
exposures i n the general environment i n order to estimate the 
potential cancer risks from environmental exposures. Usual ly , 
it is assumed that a l inear dose relationship exists (8). 

F o r extrapolation, we assume that the rate ratio (i.e., the ratio of the 
rate of disease i n exposed and unexposed individuals) or the rate difference 
(i.e., the difference between rates i n exposed and unexposed individuals) 
increases l inearly w i t h doses. A t the higher dose levels, we have actual ob
servations and are interested i n knowing how that curve w o u l d progress i f 
the dose were to become less and less and approach zero. Compl i ca ted sta
tistical models exist to do this, but they involve a " leap of fa i th" , drawing 
either a straight l ine or some curvi l inear function from the zone of actual 
observations down to zero. Sometimes this has to be done on the basis of 
human evidence because no animal mode l for carcinogenesis is available; 
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this has been the case for arsenic and asbestos. I n other situations, we have 
both animal and human data. I n the case of c a d m i u m (9), it seems that 
humans are less sensitive than animals. 

W h a t about failure? D o studies ever give a false-positive result, " c r y i n g 
wo l f " w h e n none is really l u r k i n g i n the v ic in i ty? Interestingly, there ap
pears to be no generally accepted example of a clearly unnecessary regula
t ion be ing inst i tuted on the basis of faulty epidemiological studies. 

W h y is it difficult to find a clear-cut failure of the false-positive variety? 
There are a n u m b e r of reasons. Scientists are tra ined to avoid false-positive 
results. Th is is never clearly stated, but epidemiologists, as scientists, must 
recognize that their credib i l i ty w i t h i n society w i l l not survive i f they cry wo l f 
too often. This is ref lected i n the statistics epidemiologists use. T h e statistics 
grew out of some ad hoc decisions by Ronald F i s h e r (10) i n the 1920s and 
are only now beginning to receive cr i t ical réévaluation. The conventional 
tests of statistical significance set their false-positive and false-negative errors 
(the alpha and beta errors) i n such a way as to avoid the false-positive ones. 
Nonetheless, we must acknowledge countervai l ing practices that could lead 
to false-positive results. The first is the examination of many hypotheses that 
al l have a chance to be statistically significant. T h e second is the tendency 
to pub l i sh positive results. However , the regulatory process itself provides 
ample opportunities for interested parties to challenge the evidence under 
ly ing any regulation, and industry has the resources to h ire scientists to 
subject any epidemiological study to the severest cr i t i c i sm. Regulat ion re 
quires more than one study to show a strong result. So regulation itself is 
un l ike ly to produce a false-positive f inding. The same is not true for the 
media. T h e media do not refrain from seizing the f l imsiest epidemiological 
study to attract their readers and from making a story of it . 

T h e opposite failure is the error of the false-negative result , the " w o l f i n 
sheep's c lothing" . This is an error that epidemiology, by its very nature, 
must make constantly, because the diseases studied are rare, because a back
ground rate is in f luenced by many other factors, and because effects that 
may st i l l be of social consequences are small . Thus , by studying a group that 
is too smal l , we fail to see the effect of interest. E c o n o m i c constraints may 
also prevent us from fol lowing an exposed group for a sufficient per i od of 
t ime, part icularly for diseases l ike cancer, w h i c h has an incubation per iod 
that may be as long as 40 years. Epidemiologists also make the error of a 
false-negative finding because of their reluctance to study controversial top
ics that defy conventional knowledge. C u r r e n t examples are electromagnetic 
fields and their potential health effects and the controversial assertion that 
some individuals suffer mul t ip le chemical sensitivities to very low levels of 
chemicals. I f we do not study these problems, we can never resolve them 
one way or the other. 

Epidemiologists may fail to detect an existing prob lem w h e n they ex
amine a complex mixture i n w h i c h some unident i f ied component may be 
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hazardous. O n e classic example is the prob lem of the "sick b u i l d i n g syn
d r o m e " or indoor air po l lut ion . E v i d e n c e exists that workers i n bui ld ings 
that use artificial venti lat ion are more l ike ly to have episodes of i l l -de f ined 
and bothersome symptoms among workers; yet every conceivable chemical 
and microorganism i n the venti lat ion system has been measured and no of
fending culpr i t has been identi f ied. W e seem to be looking here for a needle 
i n a haystack and cannot f ind i t . The great temptation is to label the workers 
w i t h symptoms as s imply having a psychosomatic p r o b l e m , because we have 
not found a measurable causal factor i n the ir bu i ld ing . Epidemiolog ists can 
ascertain that something is happening, but they need the ir colleagues i n the 
laboratory to he lp f ind that needle. 

F inal ly , just because an epidemiologist cannot impl icate a cause, does 
not mean it is unimportant . Epidemiologists tend to assume that an e n v i 
ronmental prob lem does not exist because an epidemiological study has 
failed to demonstrate it . A good example of this was the controversy sur
rounding saccharin use i n the late 1970s. Some pre l iminary epidemiological 
studies (11) had shown an association between bladder cancer and the use 
of saccharin i n soft dr inks. A n animal study had shown that animals fed h igh 
doses of saccharin developed bladder cancer. F ina l ly , an enormous case-
control study was conducted nationwide (12) and d i d not show an association 
between saccharin and bladder cancer. Some epidemiologists interpreted 
this f inding to mean that rats develop b ladder cancer from saccharin but 
humans do not. In fact, by using the animal data to extrapolate to the h u m a n 
doses, a relative risk of only 1.01 w o u l d have been expected on the basis of 
the usual saccharin dose i n diet dr inks . T h e study itself, although enormous, 
only had the abi l i ty to detect a relative risk of 1.1 and cbuld not have de
tected an effect as small as 1.01. Now, it might be said that i f it could only 
cause a relative risk of 1.01, that is, a 1% excess i n the inc idence of b ladder 
cancer, and that this effect w o u l d be negl igible ; i n fact, that 1% w o u l d rep 
resent about 800 cases of b ladder cancer per year i n the U n i t e d States. You 
can imagine what tr ia l lawyers w o u l d have done i f they cou ld have proven 
that a specific diet soda was actually produc ing 800 cases of cancer a year. 
So, although this is an excess of social interest, it is an excess that epide
miologists s imply w i l l never be able to see, even i f it d i d exist. 

Summary 
This chapter rev iewed some of the differences between chemistry and e p i 
demiology and the successes and failures of env ironmental epidemiology. 
Ep idemio logy has been most successful w h e n focused on large acute health 
effects and has often been aided w h e n chemists have prov ided ways to assess 
levels of harmful chemicals i n the environment or i n h u m a n tissues. It is 
less successful w h e n an agent causes a less than 5 0 % increase of disease 
incidence and w h e n the interval between the t ime of exposure and the onset 
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of disease is long. Ep idemio l ogy is a useful instrument that has definite l i m 
itations. T h e art is i n using this instrument appropriately. People do not look 
down on the sledge h a m m e r — t h e y just don't use it to e l ic it knee- jerk re 
flexes. 
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Acid metabolites 
accumulation in tissue groups, 197,199 
excretion rates, 199 

Acquired immunodeficiency syndrome (AIDS), 
relationsip between characteristic and 
disease, 12 

Acrylonitrile 
exposure levels, comparison with estimates 

of job rank orders, 161/ 
lack of correlation with liver cancer, 

171-172 
molecular epidemiology, 153-173 
symptoms of acute toxicity, 154 
work and exposure history, 157r 

Actuarial data, toxicological vs. 
epidemiological studies, 63 

Adducts, measurement in humans, 124 
Adverse effect level, lead, 6 
Aerial application, malathion, 191 
Age, loss of kidney function, 184-185 
Agency for Toxic Substances and Disease 

Registry 
epidemiological research, 242 
urinary arsenic levels, 117 

Agent Orange 
components, 126 
exposure indices, 127—128 
pharmacokinetics in humans, 126-127 

Alberta, Canada, miscalculation of cancer 
rates, 232-233 

Alcohols, teratogenesis, 78, 81 
Aldicarb, in watermelons, 246 
Allergic reactions, characteristics, 42 
Aluminum, teratogenesis, 80—81 
Amaranth, teratogenesis, 74 
American Association for the Advancement of 

Science (AAAS), teratogenesis of 
2,4,5-T, 81 

American Conference of Governmental 
Industrial Hygienists 

biological exposure indices, 125 
recommendations for carcinogens, 61 
threshold limit value, 60 

Ames mutagenicity test, bacterial 
mutagenesis assay, 56 

Analytical monitoring for acrylonitrile, 
history of project, 160 

Analytical observational studies, types, 
23-26 

Anesthetic gases, spontaneous abortion, 79 
Angiosarcoma, vinyl chloride, 2 
Animal studies 

basis for linking human health risks and 
environmental factors, 2 

carcinogens, chronic feeding studies, 3 
high doses of toxic agents, 47 
selection of species, 47-48 
toxicity testing, 48, 56 

Aplastic anemia, benzene, 2 
Arsenic 

changes in lymphocytes and sperm, 82 
spontaneous abortion, 79 
urinary levels as marker, 117 

Arthritis, exposure to chemicals, 2 
Artificial ventilation, failure to detect 

source of problem, 248-249 
Asbestosis, exposure to chemical or physical 

agents, 2 
Aspartame, teratogenesis, 74 
Assumptions, quantitative risk assessment, 3 
Atropine, side effects, 41 
Attributable risk 

definition and illustration, 15 
vs. relative risk, 16* 

Availability, marker selection, 110 

Β 

Background levels 
determination of attributable risk, 15 
toxicant found in general population, 

124-125 
Benzene, aplastic anemia and myelogenous 

leukemia, 2 
Bias 

case-control studies, 26, 35—36 
definition, 17 
epidemiological studies, 30-37 
exposure indices, 123 
litigation bias, 242 
recall bias, 236 
selection bias, 238 
sources, 231-232 

Biliary tract, excreted chemicals, 46 
Bills of mortality, first death 

certificates, 10 
Bioassay, lifetime carcinogenicity studies, 

50-51 
Biochemical markers, environmental 

epidemiology, 105-120 
Biological exposure indices, American 

Conference of Governmental Industrial 
Hygienists, 125 

Biological markers 
collaborative research, 115-117 
criteria for selection, 110-113 
definition, 105,106, 118 
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dose absorbed, 205 
environmental epidemiology, 105-120 
measurement in biological samples, 190 
relationship to exposure and disease, 106/ 
types, 106-108 

Biological monitoring, evidence of exposure, 
58-59 

Biological response, markers, 107 
Biological variability, severity of the 

disease process, 13 
Biologically based models, toxicity at low 

doses, 61 
Biologically effective dose 

assessment of dose-response relationship, 
124 

individual exposure, 108 
marker, 107 

Biomonitoring techniques, industrial-hygiene 
measurements, 236 

Biotransformation reactions, toxic 
chemicals, 45 

Birth defects, cluster occurrence, 246-247 
Blastocyst, damage from toxic compounds, 

66-67 
Blood 

direct measurement of toxicant or 
metabolite, 124-126 

lead levels, threshold and adverse effects, 6 
variability in lipid content, 125 

Bloomington, Indiana, PCB contamination, 130 
Butadiene 

cytochrome P450-dependent metabolism, 142 
human health risks, 137—152 
metabolism rates, 151 
targets for carcinogenicity, 140 

Butadiene monoepoxide (BMO), enzyme-
mediated conjugation, 143 

C 

Cadmium 
characteristics and uses, 175 
cumulative airborne exposure, 182-185 
dose vs. probability of kidney 

dysfunction, 185/ 
effect on human body. 176-177 
environmental sources and exposure, 

176-179 
kidney dysfunction from occupational 

exposure, 175-187 
time-weighted exposure, 180-181 

Caisson disease, exposure to chemical or 
physical agents, 2 

California 
aldicarb in watermelons, 246 
Medfly eradication campaign, 189-208 
metam sodium spill, 209-230 

California Department of Fish and Game, fish 
kills in Sacramento River, 211 

California Department of Health Services, 
epidemiological questionnaire, 215 

California Environmental Protection Agency, 
physiological and biochemical values for 
malathion, 195 

Cancer 
1,3-butadiene, 137-152 
dioxin, 7-8 
exposure to chemical or physical agents, 2 

Cancer rates, determination, 233 
Can tara metam sodium spill, epidemiological 

assessment, 209-230 
Carbon tetrachloride, immediate toxicity, 41 
Carcinogenicity 

bioassays, maximum tolerated dose, 62 
1,3-butadiene, 137-152 
chronic and lifetime studies, 50-51 
chronic feeding studies, 3 
dioxins and furans, 6-8 
expense of studies, 50-51 
extrapolation along a theoretical 

dose-response curve, 60-61 
interaction of chemicals or their 

metabolites with DNA, 138 
model based on experience with radiation, 

3-4 
rodent studies, 49 

Cardiac glycosides, persistence in the body, 
46 

^-Carotene, study of effect on betel quid 
ch ewers, 108-109 

Case-control studies 
definition, 79, 121-122 
description and evaluation, 25—26 

Causality 
associations between risk factors and 

disease, 9 
criteria to judge evidence, 18 
difficulty in epidemiology, 17-18 
models, 17/ 
temporal sequence, 25 

Centers for Disease Control and Prevention 
investigation of clusters, 22 
study of cancer mortality, 7 

Chemical-bioassay approach, new chimeric 
plasmid, 163 

Chemical classification scheme, Gene-Tox 
program, 94/ 
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Chemical exposure, cause of illness, 2—3 
Chemical Industry Institute of Toxicology, 

DNA-reactive chemical research strategy, 
138 

Chemical Manufacturers Association 
Epidemiology Resource and Information 

Center (ERIC) monographs, 243 
science in the courtroom, 242 

Chemical toxicokinetics, exposure levels, 62 
Chemically induced mutagenicity, data 

evaluation, 89-104 
Chemistry, contrasted with epidemiology, 

245-246 
Chickens, use as test species, 48 
Chloracne 

halogenated aromatic hydrocarbons, 2 
high-level human exposure to dioxin, 7 
soil and serum levels of dioxin, 128 

Chromatin Ha-ras DNA, treatment with 
acrylonitrile epoxide, 170-171 

Chronic carcinogenicity studies, design and 
objectives, 50-51 

Chronic obstructive lung disease, exposure 
to chemicals, 2 

Classification, source of error, 32 
Clusters, descriptions, 22 
Cohort studies 

defining incidence and investigating 
potential causes of disease, 25 

definition, 79, 122 
description and evaluation, 23-25 
prospective and retrospective, 23-24 
selection of individuals to participate, 

24 
time frame, 24/ 

Collaborative research, biological markers, 
115-117 

Comparison estimates, fundamental 
assumption, 32-33 

Computer database, Gene-Tox program, 92 
Computer software, SAR testing, 56 
Con founders 

control, 34-35 
epidemiological data, 32-35, 237-238 
judging magnitude and direction, 35 
markers, 110 

Congenital malformations, exposure to 
chemicals, 2 

Conjugation reactions 
B M O with glutathione, 148,149r 
excretion into bile, 46 
metabolism, 45 

Consensus, quantitative risk assessment, 3 

Consonance with existing knowledge, 
causality, 18 

Contaminant, pathway from emission to 
resulting health effect, 122/ 

Control of experimental conditions, study 
design, 29 

Correlational studies, description and 
evaluation, 23 

Coumarin, central nervous system 
malformations, 76 

Cross-sectional studies 
definition, 122 
description and evaluation, 22 

Cytogenetic effects of butadiene, rats vs. 
mice, 150 

D 

Data, sources and access for research, 232 
Data-analysis techniques to eliminate 

confounding, 35 
D D T 

concentration in fish, 131 
human internal dose, 131 
sequestration, 44—45 

Death certificates 
historical reason for development, 10 
occupational information, 237 

Decompression illness, exposure to chemical 
or physical agents, 2 

Delayed vs. immediate toxicity, 41 
Department of Defense, teratogenesis of 

2,4,5-T, 81 
Dermal exposure 

disposition in tissue compartments, 
193-194 

equations typically used in a PB-PK model, 
196-197 

physiological and biochemical values for 
malathion, 195 

physiologically based pharmacokinetic 
model, 194/ 

Descriptive studies, types, 22-23 
Descriptive toxicology, definition, 40 
Design methods, occupational and 

environmental epidemiology, 21—27 
Detoxification enzymic reactions, BMO, 150 
Developmental toxicity 

assays to study mechanism, 70 
hydra embryos, 73 
ranking chemicals within a family, 71 
ratio between toxicity in adult and fetus, 72 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ix
00

2

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



INDEX 257 

Devonshire, endemial colic, 11 
Diabetes, exposure to chemicals, 2 
Dibenzofurans, teratogenicity, 81 
Dibromochloropropane, development of sperm, 

82 
Diethylstilbestrol 

abnormalities in male reproductive tract, 80 
adenocarcinoma, 80 
delayed toxicity, 41 

Dioxin 
Agent Orange, 127-128 
cancer, 7-8 
chloracne, 7 
epidemiological studies, 6-8 
need for environmental cleanup, 8 
occupational study, 131-132 
pharmacokinetics in humans, 126-127 
residential exposure, 128 
serum levels in Vietnam veterans, 129/ 

Disease 
causation mechanisms, 109 
exposure to chemical or physical agents, 2 
markers, 107 
measurement, 12—14 
spectrum, 12/ 

Distribution, physicochemical properties, 
44-45 

DNA, chemical carcinogens, 138 
D N A adduct, biologically effective dose 

marker, 107 
DNA-reactive chemicals 

human health risks, 137-152 
research strategy components, 139/ 

Dogs 
toxicity tests, 48-49 
use as test species, 48 

Dose estimation 
cadmium inhalation, 180 
malathion, 189-208 
techniques, 58—59 

Dose level, route of administration, 49 
Dose makes the poison, principle of 

toxicology, 3 
Dose quantification, epidemiological 

studies, 5 
Dose reaching embryo or fetus, 69 
Dose—response relationship 

acute and chronic exposure situations, 
114 

allergic reactions, 42 
assumptions, 43 
dioxin, 7-8 
mutation, 151 

radiation and tumor development, 4 
threshold, 56-57 
toxicity testing, 39 

Dose simulation, assumed time lapse, 204 
Dow Chemical Company, occupational record 

maintenance, 235 
Drugs 

human teratogens, 81-82 
side effects, 41 

Dunsmuir, California, metam sodium spill, 
209-230 

Dust, source of lead, 6 

Ε 

Ecological fallacy, causal association at 
the individual level, 23 

Ecological studies, description and 
evaluation, 23 

Electric fields, leukemia, 25 
Elimination, toxic chemicals, 45-46 
Ellis cohort, kidney dysfunction among male 

workers at a cadmium smelter, 180-181, 
184-185 

Embryo, period of greatest damage from toxic 
compounds, 66-67 

Embryolethality, reproductive toxicity 
assays, 69-78 

Embryotoxicity, reproductive toxicity 
assays, 69-78 

Emotional problems, exposure to chemicals, 2 
Endemial colic, Devonshire, 11 
Endonuclease Sj analysis 

chromatin Ha-ras DNA, 171/ 
epoxide-modified pSV2neo-Ha-ray plasmid, 

170/ 
Enterohepatic circulation, definition, 46 
Environmental cohort studies, examples, 23 
Environmental contamination, adverse effects 

on late-maturing functions, 68 
Environmental epidemiology 

for chemists, 39-51 
successes and failures, 245-250 

Environmental exposure, cadmium, 177-179 
Environmental monitoring, assessment of 

human exposure, 132-133 
Environmental Mutagen Information Center, 

Gene-Tox program, 90 
Environmental Protection Agency (EPA) 

Gene-Tox program, 89-104 
negative impact and remedial activities, 

43 
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reference dose (RfD), 60 
species selection, 48 

Environmental risk, assessment, 1-8 
Environmentally induced disease, ''black 

box" approach, 105 
Enzymes 

metabolism of butadiene, 141 
teratogenic compounds, 70 

Epidemics, methods of field observation, 10 
Epidemiological studies 

access to data, 231-244 
basis for linking human health risks and 

environmental factors, 2 
conflicting results, 4 
health of a population, not individuals, 5 
human carcinogens, 4 
inconclusive results, 5 
interpretation, 29-38 
methods, 9-19 
reproductive loss in humans, 78-83 
role in risk assessment, 1—8 
types, 22/ 

Epidemiology 
contrasted with chemistry, 245—246 
definition, 9,105 
shift from infectious to chronic diseases, 10 
vs. toxicology, 53-54 

Epidemiology Resource and Information Center 
(ERIC), monographs, 243 

Epoxide modification 
chromatin DNA, 158 
Ua-ras plasmid DNA, 157 

l,2-Epoxybut-3-ene [butadiene monoepoxide 
(BMO)], enzyme-mediated conjugation, 143 

Estimators of risk, cohort and case-control 
studies, 27/ 

Ethanol 
hazard, 40 
teratogenesis, 81 

Ethics 
epidemiological research publication, 243 
risk assessment studies, 63 

Ethylene oxide, spontaneous abortion, 79—80 
Etretinate, craniofacial and limb defects, 82 
Exposure 

and health effects pathway, 122/ 
effect on reproductive outcomes, 79 
implied or explicit estimates, 235—237 
multiple sources, 16 
need for validation, 3 
self-reporting, 236-237 
timing and duration, 78-79 

Exposure assessment 
choice of methods, 132 
fundamental requirement, 57—59 
malathion dose, 204 
markers, 109-110, 117 
measurement, 16-17 
theoretical models, 59 

Exposure classification, 57 
Exposure concentration, measurement, 59 
Exposure index 

dioxin, 131-132 
estimated, 123 
sources of error, 123-124 
test of validity, 127-128 

Exposure levels 
chemical toxicokinetics, 62 
dose-response relationship, 114 

Exposure to chemicals, causal relation to 
illness in humans, 5 

Exposure to environmental contaminants, 
measurement of internal dose, 121-135 

External dose, total concentration of 
toxicant in environment, 123-124 

Extraneous risk factors, confounding, 32-35 
Extrapolation 

animal studies to humans, 82-83 
quantitative risk assessment, 3 
rate ratio or rate difference, 247 
uncertainty in risk characterization, 62 

F 

Falck cohort, workers at plant producing 
refrigeration compressors with 
silver-brazed copper fittings, 181-185 

False-positive and false-negative results, 
248 

Fate and transport model, methyl 
isothiocyanate concentration 
predictions, 223-225 

Fertility assessment by continuous breeding, 
test protocol, 77 

Fetal alcohol syndrome, abnormalities, 81 
Fetal development, physiology, 66-68 
Fetotoxic compounds, evaluation, 65—66 
Fish 

tests for reproductive toxicants, 74 
uptake of lipophilic methylmercury, 80 

Fluoride and bone fracture in Iowa, 
special-exposure cohort, 24-25 
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Food and Drug Administration (FDA) 
risk-to-benefit paradigm, 43 
species selection, 48 

Food chain 
cadmium sources, 176 
effects of cadmium contmination, 178-179 

Fort Saskatchewan, cancer epidemic, 233 
Frequency of disease, example, 13 
Frog embryo teratogenesis assay (FETAX), 

74-75 
Fumigant, metam sodium, 211 
Fungicides, teratogenesis, 78 

G 

Gasoline, source of lead, 6 
Gastrointestinal tract, absorption site, 44 
Gene-Tox program, 89-104 
Genetic control, hypersusceptibility to 

succinylcholine, 42 
Genetic mutations, ionizing radiation, 3 
Genetic toxicology, Gene-Tox program, 89-104 
Genotype, variations, 83 
Gestation index, reproductive toxicity 

tests, 76-77 
Glomerular filtration, favorable factors, 

45-46 
Glomerular proteinuria, cadmium-induced 

renal disease, 177 
Glucuronidation, conjugation reaction, 45 
Gold standard method, disease diagnosis, 114 
Ground troops in Vietnam, exposure to Agent 

Orange, 127-128 
Growth, in utero exposure to lead, 6 

H 

Ha-ray DNA, chemical modification by 
epoxides, 167-170 

Ha-ras oncogene 
activation, molecular model, 172 
carcinogenic potential of acrylonitrile 

epoxide, 153-173 
Halogenated aromatic hydrocarbons, 

chloracne, 2 
Hazard 

analytical process of identification, 55 
definition, 40 
evaluation goals, 47 
vs. toxicity, 40 
See also Risk assessment 

Hazardous waste site, biological markers, 
117 

Health care providers, adverse reproductive 
outcomes, 79-80 

Health outcomes, data sources, 238-241 
Healthy worker effect 

example of selection bias, 26 
generation of systematic error, 26/ 

Hearing, in utero exposure to lead, 6 
Heart disease 

exposure to chemicals, 2 
smoking, 16 

Hepatic angiosarcomas, occupational exposure 
to vinyl chloride, 155 

Hepatotoxicants, reversible toxic effects, 42 
Hepatotoxicity 

correlation with cumulative acrylonitrile 
exposure, 162 

worker cohort, 157 
Herbicides containing dioxin, 

pharmacokinetics in humans, 126-127 
Histogenesis, functional activity of fetal 

organs, 67-68 
Hospitals, epidemiological research, 238-239 
Human biomonitoring, evidence of exposure, 

58-59 
Human carcinogenesis 

epidemiological studies, 4 
implication, 3 

Human data, hazard identification, 55 
Human developmental stages, susceptibility 

to reproductive toxicants, 67/ 
Human embryonic palatal mesenchyme cells, 

growth inhibition, 72 
Human exposure assessment, internal dose, 

124-126 
Human health, strategy for assessment of 

risks, 1-8, 137-152 
Human neuroblastoma cells, inhibition or 

stimulation of differentiation, 72-73 
Hydantoin, teratogenesis, 75 
Hydra, teratogenicity test system, 73 
Hydrolysis of butadiene monoepoxide, kinetic 

constants, 148/ 

I 

Idiosyncratic reactions, definition, 42 
Illnesses, exposure to chemical or physical 

agents, 2 
Immediate vs. delayed toxicity, 41 
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Immunological disorders, exposure to 
chemicals, 2 

In vitro assays 
advantages and disadvantages, 76 
reproductive toxicants, 65-87 
short-term, 70-76 
toxicity, 56 

In vivo assays 
mammalian studies, 76-77 
reproductive toxicants, 65-87 
toxicity to whole animals, 56 

Incidence, definition, 9,13 
Incubation period 

definition, 11 
time-line illustration, 11/ 

Indoor air pollution, failure to detect 
source of problem, 248-249 

Industrial Epidemiology Forum, monographs, 
243 

Industrial hygiene records, levels of 
exposure, 235-236 

Infertility, exposure to chemicals, 2 
Information bias, epidemiological studies, 

30-32 
Ingestion, synthetic chemicals, 5 
Inhalation, synthetic chemicals, 5 
Insecticides, teratogenesis, 78 
Institutional Review Board, information on 

death certificate, 240-241 
Insurance records, epidemiological research, 

238 
Integrated dose, marker selection, 112 
Intermediate end points 

biological markers, 117-118 
markers of dose-response relationship, 

114 
Internal dose 

contaminant, 123 
exposure measurement, 121-135 
marker, 107-108 

Interpreting epidemiological studies, basic 
strategy, 30 

Intervention studies 
description, 26-27 
participant compliance with treatment 

regimens, 108-109 
Invasiveness of technique to obtain 

specimens, marker selection, 110-111 
Invertebrate embryos, teratogenicity test 

system, 73-74 
Ionizing radiation, genetic mutations, 3 
IQ level 

in utero exposure to lead, 6 

PCBs and dibenzofurans in cooking oil, 
81 

Irreversible vs. reversible toxic effects, 
41-42 

Itai-itai, cadmium contamination, 178 

J 
Japan 

Jinzu River basin, cadmium contamination. 
177-179 

Minamata Bay, methylmercury in the food 
chain, 80 

Κ 

Kidney 
chemical elimination, 45 
dysfunction risk from exposure to cadmium, 

175-187 

L 

Laboratory data, hazard identification, 55 
Laboratory research, compared to 

epidemiological research, 115-117 
lacZ~ mutant frequency 

butadiene-exposed animals and controls, 
146* 

determination, 145-146 
Late symptom reports, methyl isothiocyanate 

exposure, 226-227 
Latency 

chronic diseases, 11 
definition, 9 
time-line illustration, 11/ 

Lead 
adverse effect level, 6 
animal and human studies, 8 
development of sperm, 82 
endemial colic, 11 
epidemiological studies, 6 
in utero exposure, 6 
measurement in blood, 124 
sequestration, 44-45 
spontaneous abortion, 79 

Leukemia, exposure to electric and magnetic 
fields, 25 

Lifetime carcinogenicity studies 
design and objectives, 50—51 
in humans, 4 
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limb bud, teratogenesis, 73 
Linearized multistage model, mathematical 

risk characterization, 61 
Lipophilic compounds, measurement of 

internal dose in blood, 125 
lithium, teratogenic effects, 80-81 
Litigation bias, epidemiological research, 

242 
Liver 

detoxification of butadiene monoepoxide, 
150 

tests of workers exposed to acrylonitrile, 
164/-165/ 

xenobiotic metabolism, 45 
Liver angiosarcoma, vinyl chloride, 4 
Liver cancer, lack of correlation with 

acrylonitrile, 171-172 
Liver microsomes, preparation for metabolism 

studies, 142 
Local effects 

definition, 41 
vs. systemic effects, toxic reactions, 41 

Logistic regression model, dose and 
dysfunction, 182-185 

Los Angeles County, California, exposure to 
electric and magnetic fields, 25 

Lung cancer, impact of cigarette smoking, 15 

M 

Magnetic fields, leukemia, 25 
Malathion 

dermal vs. oral exposure, 199, 201 
doses in California's Medfly eradication 

campaign, 189-208 
metabolic pathway in humans, 190 

Malathion metabolites 
ratio in human urine, 193 
subjects potentially exposed to Medfly 

eradication sprays, 192/ 
Mammalian embryos, teratogenecity test 

systems, 75-76 
Mapping 

chemical modification sites based on the 
use of S j endonuclease, 168 

modification of sites in Ha-ras DNA, 
155-159,169/ 

Markers 
environmental epidemiology, 105-120 
measurement in biological samples, 190 
validation, 113-115 
See abo Biological markers, Molecular 

markers 

Mass-balance theory, sum of chemical in 
tissue compartments, 205 

Maternal metabolism, protection of fetus, 69 
Maximum tolerated dose, carcinogenicity 

studies, 50, 62 
Measurement error 

information bias, 31 
source, 32 

Mechanistic toxicology, definition, 40 
Medfly eradication campaign 

health risks of aerial applications, 190 
malathion doses, 189-208 
study materials and methods, 191—197 

Memphis, Tennessee, PCB contamination, 130 
Mercury, teratogenesis, 80 
Mesothelioma, exposure to chemical or 

physical agents, 2 
Metabolism, toxic chemicals, 45 
Metabolizing enzymes, teratogenic compounds, 

70 
Metam sodium 

chemistry and properties, 211-212 
decomposition pathways, 212/ 
epidemiological assessment of spill, 

209-230 
exposure predictions based on fate and 

transport model, 223-225 
toxicology, 213 

Methodological problems, risk assessment, 
61-62 

Methotrexate, teratogenesis, 75 
Methyl isothiocyanate 

acute health effects of exposure, 209-230 
estimating exposures in Dunsmuir, 217-218 
exposure predictions based on fate and 

transport model, 223-225 
reported health effects, 225-227 
toxicology, 213 

Methyl mustard oil, See Methyl 
isothiocyanate 

Mice 
tumor development with butadiene, 137-152 
use as test species, 48 

Microsomal metabolism 
butadiene, 146-147 
butadiene monoepoxide, 147-148 

Minamata Bay, Japan, methylmercury in the 
food chain, 80 

Mining, cadmium contamination, 178 
Miscarriages, cluster occurrence, 246-247 
Misclassification 

biased risk estimates, 57 
hypothetical example, 31-32 
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using environmental data and 
questionnaires, 3 

Models 
exposure estimation, 59 
extrapolation along a theoretical 

dose-response curve, 60-61 
logistic regression, 182—185 
physiologically based pharmacokinetic, 

189-208 
Molecular markers 

definition, 105 
environmental epidemiology, 105-120 

Monkeys, use as test species, 48 
Monte Carlo technique, PB-PK models, 203-204 
Mouse embryo limb bud cell culture assay, 

organ culture, 73 
Mouse ovarian tumor cells, attachment, 72 
Multimedia exposure assessment, 59 
Multistage linearized model, quantitative 

risk assessment, limitations, 5-7 
Mutagenicity 

experimental study design, 143-144 
extrapolation along a theoretical 

dose-response curve, 60-61 
Gene-Tox program, 89-104 
usefulness of assays, 96 

Mutant frequency, butadiene-exposed animals 
and controls, 146-147 

Mutation 
induction, 140-141,149 
ionizing radiation, 3 
role of damaged DNA, 137-152 

Myelogenous leukemia, benzene, 2 

Ν 

National Academy of Science 
dose-response relationship, 57 
paradigm of chemical risk assessment, 54 

National Center for Health Statistics, 
epidemiological research, 239 

National Death Index, epidemiological 
research, 239-240 

National Health and Nutrition Examination 
Survey, D D T serum levels, 131 

National Institute for Occupational Safety 
and Health 

cancer mortality study, 7 
occupational dioxin study, 131-132 

National Institutes of Health, information 
on death certificate, 240-241 

National Library of Medicine, T O X N E T 
database, 90 

National Toxicology Program 
analysis of database, 95 
comparison to Gene-Tox program database, 

95-96 
reproductive toxicity test, 77 

Nested case-control study, example, 26 
Neuromuscular disorders, exposure to 

chemicals, 2 
New Bedford, Massachusetts, PCB 

contamination, 130 
New Jersey, protocol for death certificates, 

241 
Nongenotoxic chemicals, prediction of 

carcinogenesis, 4 

Ο 

Oak Ridge National Laboratory, Gene-Tox 
program, 90 

Occupational exposure 
adverse reproductive outcomes, 79-80 
cadmium, 175-187 
determining study group, 234-235 
dioxin, 131-132 
estimates, 235-237 
prospective medical surveillance, 153-173 
vinyl monomers as carcinogens, 154 

Occupational Safety and Health 
Administration (OSHA) 

acrylonitrile work level, 160-162 
assessment of risk, 186 
logistic regression model, 182-185 
Occupational Exposure to Cadmium: Proposed 

Rule, 180-182 
occupational record maintenance, 235 

Occupational surveillance system, basic 
components, 154 

Odds ratio 
definition, 25 
hypothetical example, 31 

Office of Pollution Prevention and Toxics, 
Gene-Tox program, 89-104 

Oncogenes, carcinogenic potential of 
acrylonitrile epoxide, 153-173 

Operation Ranch Hand study, dioxin herbicide 
effects in humans, 126—128 

Oral administration, toxicity studies, 49 
Organ culture, mouse embryo limb bud cell 

culture assay, 73 
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Organ systems, susceptibility to 
reproductive toxicants, 67/ 

Organophosphorus compounds, test species, 48 
"Ouch-ouch" disease, cadmium contamination, 

178 
Oxidation of butadiene to butadiene 

monoepoxide, kinetic constants, 147/ 

Ρ 

Paint chips, source of lead, 6 
Paoli, Pennsylvania, PCB contamination, 

129-130 
Paraquat, accumulation in the lung, 44 
Pathology, geographical and historical. 10 
Pennsylvania, application for use of data, 

240 
Persistence, marker selection, 111 
Person, definition in epidemiology, 10 
Person-place-time method, environmental 

epidemiology, 11 
Pesticide 

metam sodium spill, 209-230 
spontaneous abortion, 80 
urban application, 189-208 

Pesticide illness reports, metam sodium 
spill, 215-216 

Pharmaceutical companies, implications of 
litigation, 242 

Pharmacokinetic studies 
bodily processes, 44-46 
definition, 43 

Physiologically based pharmacokinetic 
(PB-PK) models 

malathion dose estimation, 189-208 
Monte Carlo technique, 203-204 
numerical procedure, 194-195 
physiological and biochemical values for 

dermal exposure to malathion, 198/ 
prediction of tissue dose in animals and 

humans, 193-197 
reduced uncertainty, 62 
simulation of amounts of malathion in 

tissues, 200/ 
time-dependent tissue concentrations, 206 

Place, definition, 10 
Planaria, effect of toxicants on 

reproduction and teratology, 74 
Plasma cholinesterase, idiosyncratic 

reaction, 42 
Polychlorinated biphenyls (PCB) 

age as predictor of internal dose, 131 

contamination of soil and surfaces, 
129-130 

teratogenicity, 81 
Postimplantation assay, reproductive 

toxicity, 75 
Preclinical disease, markers, 109 
Predictability, short-term tests, 71/ 
Predictivity, in vitro screen, 70-71 
Pregnancy 

detection in early stages, 68 
exposure to chemical substances, 68 
physiology, 66-68 

Preimplantation assay, reproductive 
toxicity, 75 

Prevalence 
definition, 9,13-14 
description and evaluation of studies, 22 
relationship to incidence, 14 

Privacy of individual, health research, 241 
Proteinuria 

Jinzu River basin, 178-179 
stages, 177 

Proximal tubule secretion, plasma, 46 
Psychological disorders, exposure to 

chemicals, 2 
Puffer fish, hazard, 40 

Q 

Quality-control issues, study results, 115 
Quantitative risk assessment 

extrapolation, 3 
nonthreshold toxicants, 60-61 

R 

Rabbits, use as test species, 48 
Radiation-induced mutations, tumor 

development, 3 
Radiation sickness, exposure to chemical or 

physical agents, 2 
Railroad transportation accident, metam 

sodium spill, 209-230 
Random allocation, study design, 29 
Rank-order estimates 

environmental exposure to acrylonitrile, 
156-157 

retrospective validation, 159—162 
Rank-ordered index, system for estimating 

chemical exposure, 154 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

24
1.

ix
00

2

In Environmental Epidemiology; Draper, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



264 E N V I R O N M E N T A L EPIDEMIOLOGY 

ras oncogenes, central role in human cancer, 
163 

Rats 
subacute testing, 49 
tumor development with butadiene, 137-152 
use as test species, 48 

Recall bias 
case-control studies, 26 
exposure data, 236 

Receptor-mediated activity, dioxin, 6 
Reference dose (RfD), Environmental 

Protection Agency, 60 
Regeneration, sensitivity to teratogenic 

agents, 74 
Regiospecific modification of Ha-ray 

oncogene, indicator of health risk, 
153-173 

Regulations based on overestimates, 
consequences, 1-2 

Regulatory toxicology, definition, 40 
Relative risk 

definition, 14-15 
exposed and nonexposed populations, 3 
odds ratio, 25 
vs. attributable risk, 16t 

Relative teratogenic index, ratio between 
toxicity in adult and fetus, 72 

Renal excretion, extent of ionization, 46 
Reproductive failure, toxic compounds, 68-69 
Reproductive toxicity 

hydra embryos, 73 
in vitro and in vivo assays for screening, 

65-87 
preimplantation and postimplantation 

assay, 75 
single-generation tests, 77 
three-generation tests, 76-77 

Residential exposure 
dioxin, 128 
metam sodium, 215-229 
toxic waste sites, 129 

Reversible vs. irreversible toxic effects, 
41-42 

Risk assessment 
cumulative cadmium dose, 182-185 
estimates and confidence limits, 54 
kidney dysfunction from exposure to 

cadmium, 175-187 
principal components, 53 
synthetic toxic substances, 1-8 
toxicology, 53-64 
uncertainties, 61-62, 186 
See also Hazard 

Risk characterization, definition, 59 
Risk factors, definition, 12, 21 
Rodents 

acute toxicity tests, 48 
carcinogenicity studies, 4, 49, 95i 
teratogenecity test systems, 75-76 
use as test species, 48 

Route of administration, dose level, 49 

S 

Saccharin, failure to demonstrate problem, 
249 

Sacramento River, metam sodium spill, 
209-230 

Safety factors, threshold toxicants, 59-60 
Safety studies, purpose for toxicologists, 

39 
Salmonella 

bacterial mutagenesis assay, 56 
Gene-Tox database, 92-96 

Scarlet fever, defeat of Athens by Sparta, 9 
Science policy, quantitative risk 

assessment, 3 
Scientific data, public health benefits, 5 
Screening, reproductive toxicants, 65-87 
Scrotal cancer, soot, 4 
Selection bias 

case-control studies, 26 
epidemiological studies, 35-37 
evaluation and control, 37 
multiphasic clinical data, 238 

Sensitivity, in vitro screen, 70-71 
Sensitization reactions, characteristics, 42 
Sequestration, lead and DDT, 44-45 
Serum dioxin levels, chloracne, 128 
Seveso, Italy, dioxin exposure, 7, 128, 129/ 
Sick building syndrome, failure to detect 

source of problem, 248-249 
Simulation packages, physiologically based 

pharmacokinetic models, 195 
Skin—blood partition coefficient, malathion 

dose estimation, 204 
Smoking 

cadmium exposure, 184—185 
heart disease, 16 
lung cancer, 15-16 
teratogenesis, 81 

Social Security Administration, 
epidemiological research, 239—240 

Sodium methyldithiocarbamate, See Metam 
sodium 
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Soil, source of lead, 6 
Solvents, teratogenesis, 78 
Somites, index of teratogenicity, 75 
Soot, scrotal cancer, 4 
South Carolina, responsibility for use of 

data, 240 
South Wales, correlation between central 

nervous system malformations and 
aluminum, 80—81 

Special-exposure cohort, rare exposures, 
24-25 

Species differences, genotoxic and 
carcinogenic effects of butadiene, 
149-150 

Species selection, toxicity testing, 48 
Specificity 

causality, 18 
in vitro screen, 70—71 
marker selection, 110 

Spectrum of disease, definition, 12 
Spermatozoa, chemicals affecting normal 

production, 82 
Spontaneous abortion 

chemicals, 79-80 
epidemiological studies, 78-80 
rate determination, 68 

Stability in storage, marker selection, 113 
State tumor registries, epidemiological 

research, 239 
Storage depots, chemicals in the body, 

44-45 
Streptomycin, biliary excretion, 46 
Stroke, exposure to chemicals, 2 
Structure-activity relationship (SAR) analysis 

55-56 
Study design 

elimination of confounding, 34 
occupational and environmental 

epidemiology, 21-27 
Study group, data source, 234—235 
Success, definition in epidemiology, 246 
Succinylcholine, idiosyncratic reaction, 42 
Suitability of assay, marker selection, 113 
Summary exposure statistics, epidemiological 

studies, 16-17 
Supercoiled plasmid DNA, inverted repeals of 

poly(dG)-poly(dG) sequences, 168 
Susceptibility, markers, 107-109 
Sweden, rate of miscarriage among 

petrochemical plant workers, 80 
Synthetic toxic substances, health risk, 1-8 
Systematic errors, case-control studies, 26 
Systemic circulation, entrance pathways, 44 

Systemic effects 
toxicity studies, 42-43 
vs. local effects, toxic reactions, 41 

Systemically active toxicants, undesired 
effects, 41 

Τ 

Taiwan, PCBs and dibenzofurans in cooking 
oil, 81 

Target tissues, definition, 106 
Temporal relationship between exposure and 

disease, cohort study, 23 
Teratogenesis 

chemicals, 80-82 
definition, 68 
evaluation of compounds, 65—66 
reproductive toxicity assays, 69-78 
toxic compounds, 68—69 

Tetracyclines, biliary excretion, 46 
Tetraethyl lead, local and systemic effects, 

41 
Tetrodotoxin, hazard, 40 
Thalidomide, variations in genotype, 83 
Threshold dose, embryo or fetus, 69 
Threshold limit value, American Conference 

of Governmental Industrial Hygienists, 60 
Threshold toxic effects, definition, 54 
Threshold toxicants, safety factors, 59—60 
Time, definition in epidemiology, 10—11 
Time sequence, causality, 18 
Time to appearance, marker selection, 111 
Time-weighted exposure levels 

acrylonitrile, 160 
cadmium, kidney function, 180-183/ 

Tissue—blood partition coefficient, 
malathion dose estimation, 204 

Tissue culture, assays for teratogens, 72—73 
Toxic substances 

fetal development, 66 
health risk, 1-8 

Toxic Substances Control Act, 
epidemiological research, 241 

Toxic waste sites, residential exposure, 129 
Toxicity 

parameters, 49—50 
reproductive, 65-87 
vs. hazard, 40 

Toxicity studies, definition, 43 
Toxicity testing 

animal studies, 47-51 
examples, 54 
principles, 47 
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risk assessment, 511 
tiered approach, 55 

Toxicology 
definition, 39 
dose—response relationship, 571 
major fields of inquiry, 40 
use in epidemiology, 39 
vs. epidemiology, 53-54 

Toxicology Data Network System (TOXNET) 
database, 90, 96-97 

Transfection-transformation assay, 
transforming potential of ras DNA, 163 

Transforming genes, ras oncogene family, 
163 

Triana, Alabama, D D T residues, 131 
Trichlorethane, well-water contamination, 

246-247 
2,4,5-Trichlorophenoxyacetic acid (2,4,5-T). 

teratogenesis, 81 
True-positive and true-negative results, 246 
Tubular cells, transport of organic acids 

and bases, 46 
Tubular proteinuria 

cadmium-induced renal disease, 177 
cumulative exposure to cadmium, 186/ 

Tumor(s), chronic feeding studies of 
laboratory animals, 3 

Tumor-incidence data, epidemiological 
research, 239 

Tumor information, development of model, 138 
Tumorigenesis, initiation by modified Ha-ras 

DNA, 163 

U 

Undesired effects, systemically active 
toxicants, 41 

Urban application, pesticide, 189-208 
Urinary creatinine, excretion rate, 197 
Urine 

direct measurement of toxicant or 
metabolite, 124-126 

occupational studies, 125 

U.S. Air Force, Operation Ranch Hand, 
126-128 

V 

Validation, biological markers, 113-115 
Variability, marker selection, 112 
Viability index, reproductive toxicity 

tests, 76-77 
Vietnam 

exposure to Agent Orange and other 
defoliants, 126-128 

teratogenesis of 2,4,5-T, 81 
Vinyl chloride 

angiosarcoma, 2, 4 
carcinogenesis, 154 

Vitamin D, inhibition by cadmium, 178 
Vitamin D metabolism, in utero exposure to 

lead, 6 

W 

Warranty of confidentiality, death 
certificate from South Carolina, 240 

Whole-embryo systems, 73—76 
Worker surveillance, indicator of health 

risk, 153-173 
World Health Organization, chemicals that 

exhibit toxicity thresholds, 60 

X 
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